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Section  1 


INTRODUCTION 


The  purpose  of  this  program  was  to  investigate  the  controlled  doping  of 
compound  semiconductors  by  means  of  ion  implantation.  This  effort  has 
encompassed  1)  the  study  of  the  physics  of  the  ion- implantation  process, 

2)  characterization  of  the  as-grown,  implanted,  and  annealed  specimens,  and 

3)  optimization  of  specimen  preparation,  implantation,  and  post-implantation 
treatment  for  the  application  of  these  techniques  to  electron-device 
fabrication. 


In  the  sections  that  follow,  studies  of  III-V  semiconductors  will  be  described 
in  detail.  The  analysis  and  characterization  of  the  specimen  by  means  of 
photoluminescence,  electrical  measurements,  capacitance-voltage  profiling, 
far-infrared  absorption,  transmission  electron  microscopy,  and  transient- 
capacitance  studies  will  be  discussed.  Some  of  the  characterization  tech¬ 
niques  represent  new  developments  in  experimental  capabilities.  The 
fabrication  of  the  apparatus  as  well  as  the  experimental  methods  used  in 
their  application  will  be  treated  In  detail. 


Publications  resulting  from  the  research  using  photoluminescence  topography 
are  included  in  Appendices  A  and  B. 


The  results  of  this  research  form  the  basis  for  a  continuing  advancement 
of  the  state-of-the-art  of  ion  implantation  in  compound  semiconductors. 


1 


Section  2 


MACHINE  AND  ASSOCIATED  APPARATUS 


The  importance  of  ion  implantation  as  a  semiconductor  doping  technique  is 

derived  from  the  degree  of  control  available  over  the  implantation  process 

and  from  the  fact  that  any  ion  can  be  implanted  into  any  solid.  The  three 

main  parameters  over  which  control  is  exercised  are  implantation  depth, 

fluence,  and  impurity  species.  The  depth  of  penetration  of  an  impurity  ion 

into  a  host  material  is  dependent  upon  the  host  material,  the  mass  and 

charge  of  the  impurity  ion,  and  the  accelerating  potential.  For  a  specific 

host  and  ion,  the  penetration  depth  is  directly  controlled  by  the  acceler- 

2 

ating  potential.  The  fluence  or  number  of  impurities  implanted  per  cm  is 
dependent  upon  the  implant  area,  the  impurity  beam  current  at  the  target, 
and  the  amount  of  time  during  which  the  target  is  exposed  to  the  beam.  For 
a  given  implant  area  and  beam  current,  the  fluence  is  directly  controlled 
by  exposure  time.  Selection  of  the  implant  species  is  accomplished  by 
mass  analysis  of  the  ion  beam.  Only  that  constituent  in  the  ion  beam 
which  has  the  mass-energy  product  passes  through  the  analyzing  magnet  and 
impacts  the  target. 

The  ion-implantation  apparatus  located  in  AADR  is  a  ten-year-old  150-kV 
accelerator  that  SRL  personnel  have  maintained  and  operated  for  three  and 
one-half  years.  The  major  elements  of  the  machine  are  shown  in  Fig.  1. 
Included  in  the  high-voltage  terminal  are  focusing  and  extraction  elements 
for  the  different  ion  sources  available.  An  rf  source  is  used  to  produce 
ions  from  gases  such  as  Ar,  ,  and  A  hot-cathode  source  is  used 
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to  generate  metallic  ions  such  as  Ge,  Mg,  and  As  from  appropriate  solid 
sources.  Once  the  ion  beam  is  generated  and  accelerated,  it  passes  through 
the  analyzing  magnet.  The  magnetic  field  divides  the  beam  into  its  various 
mass  components  at  the  output  port.  By  selecting  the  proper  field,  the 
desired  ion  beam  passes  through  the  magnet  to  a  set  of  mechanical  slits  which 
may  be  used  to  adjust  (reduce)  the  beam  current.  From  the  slits,  the  beam 
passes  through  the  neutral  deflector,  which  is  a  5°  bend  in  the  beam  line. 

The  beam  is  deflected  around  the  bend  by  an  electrostatic  field.  Since  only 
charged  particles  are  affected  by  the  field,  any  neutral  atoms  that  may  be 
contaminating  the  beam  fail  to  make  the  bend  and  impact  the  beam  line  wall. 
The  next  element  in  the  beam  path  is  a  quadrupole  which  serves  as  the  final 
focusing  element  for  the  ion  beam.  The  scanners  are  used  to  deflect  the 
beam  across  the  target  surface  in  an  asynchronous  manner.  This  ensures 
uniform  implantation  over  the  entire  target  area  determined  by  the  aperture 
in  the  sample  chamber.  In  the  present  setup,  the  aperture  also  serves  as  a 
suppressor  for  secondary  electrons  emitted  during  the  implantation  process. 


2.1  ION  MACHINE 

Three  modifications  were  made  to  the  ion  machine  during  the  contract  period. 
A  200- P./sec  Perkin-Elmer  Ultek  ion  pump  equipped  with  a  titanium  sublimator 
was  installed  on  the  targer  chamber  in  place  of  a  turbomolecular  pump.  The 
ion  pump  was  installed  to  eliminate  sample  contamination  caused  by  back- 
streaming  oil  from  the  turbo  pump.  Four  target  plates  capable  of  hold¬ 
ing  2-in.-diam.  wafers  for  implantation  were  designed  and  installed  in  the 
target  chamber.  Previously,  the  maximum  sample  size  that  could  be  implanted 
was  1  in.  in  diam.  The  last  improvement  was  the  addition  of  a  third  ion 

4 


source— a  cold  cathode— to  the  other  two  sources  used  for  ion-beam  production 
The  cold  cathode  requires  a  negative  high-voltage  supply  for  its  operation. 

A  negative  supply  does  not  exist  at  the  source  end  of  the  machine.  Instead 
of  adding  a  new  supply  to  the  already  crowded  top  end  of  the  accelerator, 
an  existing  power  supply— the  probe  supply  for  the  RF  source— was  modified 
so  that  it  could  be  switched  easily  from  positive  to  negative.  The  negative 
discharge  potential  and  the  carrier  gas  pressure  are  the  only  parameters 
on  a  cold-cathode  source.  Both  must  be  adjusted  for  optimum  ion  current 
while  the  source  is  running.  This  required  installation  of  a  remote  control 
for  the  carrier-gas  metering  value.  (A  remote  control  for  the  discharge 
of  potential  existed.) 

The  cold  cathode  was  installed  to  be  used  as  a  Be  source  since  it  was 
constructed  with  a  Be  canal.  This  canal  is  sputtered  by  the  discharge 
during  source  operation,  and  a  small  Be  ion  beam  is  produced.  Since  Be 
is  a  very  toxic  material  and  dangerous  to  handle,  this  is  a  safe  means  of 
producing  a  Be  beam.  The  source  did  produce  a  Be  beam,  and  samples  were 
implanted.  In  addition  to  low  beam  currents,  another  problem  with  the 
cold  cathode  is  that  because  of  the  energy  dispersion  of  the  beam,  ion 
beams  cannot  be  resolved  as  well  as  with  the  other  sources.  This  is  not 
a  severe  problem  for  low-mass  ions  such  as  Be  since  it  is  widely  separated 
from  the  possible  contaminants  hydrogen  and  carbon.  These  two  problems 
limit  the  usefulness  of  the  source. 

The  Be  implants  were  done  for  use  in  the  initial  setup  of  a  new  technique, 
Glow  Discharge  Optical  Spectroscopy  (GDOS),  to  be  used  for  profiling  implants 
Unfortunately,  the  Be  implants  were  never  identified  by  GDOS.  This  was  not 
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the  case  for  three  other  implanted  ions.  B,  Mg,  and  Ge  implants  were 
successfully  profiled  using  GDOS  (see  Appendix  C  for  publication  on  this 
subject).  In  addition  to  the  GDOS  implants,  Ge  and  Mg  also  were  implanted  for 
a  detailed  investigation  into  their  electrical  properties.  The  results 
of  this  work  will  be  discussed  later  in  this  report  as  will  Lhe  results  of 
dual  implants  of  C  and  Ga  into  GaAs. 

2.2  ENCAPSULATION 

Radiation  damage  is  an  inevitable  consequence  of  ion  impl.intai ion . 

Bombardment  by  high-energy  ions  creates  point  defects  such  as  vacancies 
and  interstitials,  clusters  of  point  defects,  and  dislocation  limps.  The 
amount  of  damage  generated  depends  upon  the  ion  species,  ion  dose,  dose  r  , 
and  t he  energy  and  temperature  of  the  substrate.  Untort jnutely,  some  damage 
sites  may  act  as  unwanted  traps  for  holes  and  e  actrons  or  may  form  .'at..1',  v 
complexes.  In  addition,  all  of  the  as-implanted  ions  do  not  settle  i 
substitutional  lattice  sites  and,  hence,  all  of  Lhe  ions  do  not  becom  • 
electrically  active,  Therefore,  thermal  annealing  is  required  to  bring  tin- 
dopant  onto  electrically  active  sites  and  to  r  .  .nove  the  unwanted  radian.*:' 
damage.  Generally,  annealing  temperatures  in  the  range  600  -  9U0"C  un¬ 
requited  to  achieve  maximum  electrical  activation  of  the  implanted  ions. 
Annealing  at  this  high  temper. iture  usually  remuves  the  majority  of  the 
implanted  damage.  However,  it  is  known  that  As  can  he  lost  from  the  surJ.ee 
el'  GaAs  at  a  temperature  as  low  as  qO0°C.  Since  the  dei  mnpi e .  1 1  i on  tempei  • 
.iture  ul  GaAs  is  630°C,  some  means  of  surlace  protection  i s  required 
during  high-temperature  annealing. 


Usually  the.  surface  of  the  implanted  layer  is  encapsulated,  using  a  thin 
dielectric  film  as  a  protective  cap.  An  effective  encapsulant  should 
reliably  protect  the  implanted  GaAs  surface  from  decompos it  inn  at  temper¬ 
atures  up  to  at  least  900°C.  It  should  also  prevent  outd it  1 uaion  oi  ihe 
implanted  species.  The  encapsulant  must  be  easily  depositable  as  a  homo¬ 
geneous  layer  which  adheres  well  and  does  not  diffuse  into  or  react  chem¬ 
ically  with  GaAs.  It  must  also  be  mechanically  stable  and  able  to  withstand 
high  temperatures  without  blistering,  crazing,  or  creating  strain  at  the 
interface . 

Among  the  presently  known  dielectric  caps,  Si^N,  has  beer,  demonstrated  to 

be  comparable  and  in  many  cases  superior  to  the  other  encapsulants  for 

annealing  GaAs.  Even  with  this  cap,  however,  the  implantation  results  have 

shown  a  strong  dependence  upon  the  deposition  method  and  the  particular 

parameters  used.  Two  nitride  deposition  systems  were  perfected  nvi  r  the 

period  of  this  contract — a  chemicul-vapc.r-deposit  ion  system  and  .1  plasma- 

enhanced  deposition  system.  Figure  2  is  a  block  diagram  of  the  ehemical- 

vapor-depus i t ion  (CVD)  system  used  to  encapsulate  GaAs  with  Si^N,.  The 

system  was  copied  from  Lincoln  Laboratory  which  assisted  in  its  iiiiLi.il 

set-up.  Lincoln  Laboratory  did  the  encapsulation  lor  the  implantation  worf 

accomplished  during  the  previous  contract.  The.  establishment  of  an  in- 

house  encapsulation  facility  was  necessitated  by  the  increased  ion- 

implant  , it  ion  effort  of  this  contract.  The  reactor  construct  ion  was  alread' 

in  progress  at  the  start  of  this  contract.  This  type  ol  system  is  also 

known  as  a  "pvrolvtlc"  svsLcm  since  it  uses  high  temperature  it>  initiate 

the  reaction  needed  to  produce  the  SI  N,  ,  Although  high  temperature  1  •, 

J  a 

employed,  tills  is  a  "cold-wall”  reactor.  The  LVI)  sv.sLcin  uses  two  reactive 
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gases — silane  and  ammonia — and  a  third  diluting  gas  which  is  nitrogen.  Ji:e 
silane  used  is  a  5%  mixture  of  silane  and  nitrogen.  The  other  reactant  gas 
is  anhydrous  ammonia.  The  nitrogen  gas  used  for  diluting  and  backfilling  i .. 
obtained  from  liquid  nitrogen  in  a  pressurized  storage  Dewar.  A  liquid 
source  for  nitrogen  was  not  used  in  the  early  stages  of  the  system  develop¬ 
ment.  Rather,  a  standard  high-pressure  gas  cylinder  was  used.  The  liquid- 
nitrogen  source  was  implemented  when,  in  the  course  oi  investigating  po¬ 
tential  reasons  for  cap  failure  during  annealing,  an  analysis  of  the  gas 
in  the  nitrogen  cylinder  showed  the  presence  of  a  substantial  amount  of 
helium.  It  was  discovered  that  the  nitrogen  cylinder  had  previous! v  con¬ 
tained  helium.  Whether  or  not  the  helium  contributed  to  the  cap  failure  is 
unknown,  but  the  incident  did  dramatize  the  need  for  an  easily  obtainable, 
reliable,  and  pure  source  of  nitrogen.  A  purity  problem  does  not  exist  for 
the  reactant  gases  since  they  must  be  bought  commercially. 

Examining  the  block  diagram,  one  sees  that  from  the  source  cylinders,  the 
gases  are  plumbed  through  a  purge  manifold.  The  manifold  is  designed  to 
permit  the  backfilling  and  purging  of  the  entire  system  with  nitrogen.  Tin- 
next  elements  in  the  system  are  the  gas-flow  control  1 ers .  For  the  first 
year  of  operation,  flow  control  was  accomplished  manually  by  moans  of 
metering  valves  and  mass-iiow  meters.  Constant  moni toting  was  required 
during  a  run,  and  reproducibility  suffered.  The  manual  controls  were  essen¬ 
tial  for  initial  set-tip,  however,  since  it  was  necessary  lo  e  -n  ah  1  i  hi  gas- 
flow  parameters  and  the  final  flow  ranges  could  not  be  determined.  Once  the 
various  flow  requirements  for  optimum  nitride  deposition  were  established, 
properly  ranged  automatic  Tylan  mass-flow  controllers  were  installed.  From 
the  controllers  each  gas  line  passes  through  an  electrically  operated  valve. 
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These  valves,  and  similar  ones  located  on  the  exhaust  and  vacuum  pump  lines, 
arc  operated  by  the  sequence  controller  and  are  actuated  at  different 
times  during  the  capping  cycle.  When  tiie  system  is  "standing-by , "  the 
valves  in  both  nitrogen  and  exhaust  lines  are  opened  to  allow  continual 
nitrogen  flow  through  the  reactor  chamber.  Once  a  sample  is  loaded,  the 
system  is  evacuated.  Ail  valves  are  closed  except  Lhe  one  on  the  vacuum 
line  which  is  opened  to  allow  evacuation  of  the  chamber  and  all  supply  lines 
up  to  the  oilier  valves.  The  system  is  evacuated  to  less  than  1  Turr.  At 
this  point  the  vacuum  valve  closes,  the  two  nitrogen  valves  open,  and  the 
system  is  backfilled  with  nitrogen.  The  system  next  enters  a  purge  mode. 

The  nitrogen  valves  close  and  the  silane,  ammonia,  and  exhaust  valves  open. 
The  heater  temperature  is  raised  ,o  200' C  just  prior  to  introducing  silane. 
This  procedure  was  recommended  by  1. incoin  Laboratory , 1  where  it  was  observe d 
that  the  silane  could  read  at  room  temperature  with  trace  amounts  of 
oxygen  still  present  in  the  reactor  chamber  and  could  deposit  on  the 
sample.  This  predeposit  ion  can  be  eliminated  if  the  sample  is  heated  to 
200°C.  The  chamber  purge  lasts  lor  -1  min.,  .liter  whies  i ho  nitrogen  valves 
open  and  the  reactant  gases  are  diluted  in  the  mixing  chambers.  From  the 
mixing  chambers  the  diluted  reactants  tiow  to  the  reactor  where  they  arc 
dispersed  and  mixed.  The  flow  rates  for  the  different  g„ses  are  as 
I o I  l  ow  : 

5/.  silane  in  nitrogen  210  seem 

nitrogen-silane  dilutant  500  seem 

ammonia  200  seem 

n  i  t  rogen- ar.'.ivu.n  i dilutant  500  sccir. 

After  -3  min.  't  mixing,  the  heater  temperature  is  raised  to  the  deposit  i.*n 
temperature  of  725°0.  This  rapid  rise  is  ac  eomp :  i  .-hed  in  fi  sec.  with 
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minimal  overshoot.  The  sample  will  remain  at  this  temperature  until  the 


desired  thickness  of  Si..N,  is  deposited.  The  deposition  lute  at  tue  .h'.-ve 
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temperature  with  the  above  flows  is  between  30  and  ■<()  A/m\  .  When  Lhe 
desired  film  thickness  is  reached  (approximated  by  Lite  lilm's  color),  a 
clear  button  is  pressed  to  deactivate  the  heaLer  and  close  the  reactant  gas 
valves.  Nitrogen  continues  flowing  to  flush  the  chamber  and  cool  the  sample 
The  deposition  rate  of  the  nitride  is  directly  dependent  upon  temper. it ui e 
and  gas-flow  parameters.  The  temperature  dependence  can  be  seen  in  Fig. 3. 
With  fixed  gas  parameters  the  higher  the  temperature,  the  thicker  the  de¬ 
posited  t  ilm.  Unfortunately,  the  index  of  refraction  ot  Lite  nitride  tili.i 
also  varies  with  deposition  temperature,  as  shown  in  Tig.  •*.  The  broken 


line  or  Fig.  3  and  related  Fig.  4  represents  the  early  da-.-t  --u.ty  nen- 
reprodueibil itv  ot  the  system.  Fault  segment  of  Figs.  3  and  4  was  accom¬ 
plished  on  a  different  day.  The  dependence  of  deposition  rate  upon  flow 
parameters  can  be  seen  in  Fig.  3  by  the  star  in  the  upper  left  corner  of 
the  graph.  The  star  plots  the  thickness  of  the  film  which  results  when  the 
silane  flow  is  increased  to  220  seem  and  the  other  flows  are  uneh.inged . 

The  corresponding  index  of  refract  ion  is  plotted  on  lig.  a  In  the  st.it. 

The  parameters  associated  with  the  star  arc  those  which  were  used  in  con¬ 
nection  with  some  of  the  implantation  work  detailed  later  in  this  report. 


Figure  5  shows  the  pyrolytic  reaction  chamber,  detailing  the  dispel  si  on 
arms  for  the  diluted  reactants,  the  t  nonitocoup]  c  lot  teasper.il  u  re  :;e.,sta  ecu.  n 
and  control ,  and  the  heater  on  whieli  the  sample  rests.  Use  neater  i s  a 
low-mass  graphite  strip  2  in.  long  •  7.  6  in.  wide.  On!  v  a  *>  in.-  s-j-.t  ,  i  e 

area  in  the  center  is  usable  for  capping.  ihe  heater  ho-  heies  u t  i  1  :  eb 
through  it  on  eiliter  end  to  ensure  more  unilorm  current  (he.it)  tli-.irii-.ui  i .  > :  t 
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and  Co  reduce  Che  heat  loss  from  the  strip  to  the  supporting  feedthroughs. 
The  heater  is  connected  across  the  output  of  a  1.5  kVA  transformer,  an 
arrangement  which  allows  the  rapid  rise  to  the  deposition  temperature.  The 
importance  of  the  rapid  rise  is  apparent  when  one  considers  that  the  capping 
temperature  is  higher  than  the  decomposition  temperature  (•630°C)  of  GaAs. 
The  thermocouple  is  inserted  into  the  side  of  the  graphite  strip.  It  was 
originally  placed  in  a  small  indentation  in  the  bottom  of  the  heater,  but 
that  arrangement  proved  to  be  unacceptable  for  two  reasons.  First,  the 
gas  flows  were  sufficiently  high  to  randomly  dislodge  the  small  thermo¬ 
couple  bead  during  a  cycle.  When  the  heater  was  energized,  the  temperaLure 
would  rise  far  above  the  set  point  and  destroy  the  sample.  Secondly,  after 
repeated  runs,  the  bead  would  become  encrusted  with  nitride  and  produce 
erroneous  temperature  readings.  One  additional  problem  associated  with  the 
thermocouple  was  discovered  in  the  original  design.  The  thermocouple  was 
mechanically  attached  to  a  feedthrough  in  the  chamber.  It  was  discovered 
t ha t  the  junction  of  the  thermocouple  and  feedthrough  was  generating  an 
EMF  as  the  ambient  temperature  of  the  system  increased  with  each  additional 
run.  This  EMF  represented  an  increasing  temperature  measurement  error. 

Once  the  problem  was  identified,  the  solution  was  simple.  1'he  feedthrough 
was  removed,  and  the  thermocouple  leads  were  continued  through  the  chamber 
wall  intact  and  connected  to  a  terminal  that  remains  at  room  temperature. 

The  high  temperature  associated  with  the  pyrolytic  reactor  limits  its 
versatility.  It  is  impossible  to  encapsulate  large  samples,  and  some 
materials  of  interest  such  as  InP  cannot  withstand  the  high  temperature 
required  for  deposition.  In  order  to  solve  both  of  these  problems,  a 
low- tempera  Lure ,  large-area  encapsulation  method  was  sought.  A  plasma- 
enhanced  deposition  (FED)  system  fulfilled  noth  the  temperature  and  area 
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requirements.  A  system  of  this  type  was  purchased  by  AADR  from  i.FE  Corp.  in 
January  of  1978.  A  block  diagram  of  the  present  modified  system  is  shown  in 
Fig.  6.  The  modifications  made  to  the  original  system  were  extensive. 

Through  the  development  of  the  CVD  system  it  already  was  known  that  oxygen 
contamination  either  from  a  leak  or  from  residual  water  vapor  in  the  system 
would  render  the  nitride  useless.  Upon  examination  of  the  PED  system,  the 
internal  plumbing  was  found  to  be  copper  and  plastic.  Helium  leak  checking 
confirmed  suspicions  that  this  arrangement  was  not  and  could  never  be  leak 
light.  All  the  plumping  was  replaced  with  stainless  steel  tubing  and 
fittings.  The  inadequate  flow  controls  were  also  replaced  with  quality 
metering  valves  and  flow  meters.  Even  after  these  modifications,  the 
quality  of  the  Si  N.  did  not  match  that  of  the  CVD  system. 

Dr.  Streetman's  group  at  the  University  of  Illinois  was  claiming  good 
results  with  its  home-made  PED  reactor.  A  visit  was  made  to  Dr.  Streetman 
to  observe  his  procedures  and  obtain  some  of  his  nitride  caps.  The  visit 
proved  to  he  both  beneficial  and  discouraging.  Tt  was  discouraging  because 
every  one  of  the  17  U  ersitv  of  Illinois  caps  blistered  within  a  week  of 
encapsulation.  The  visit  was  beneficial  in  that  important  system  modifications 
were  discovered.  The  first  modification  was  the  addition  of  a  cold  trapped 
diffusion  pump  (a  high  vacuum  system)  for  evacuating  the  reactor  bell  jar. 

The  second  modification  was  the  installation  of  a  shutter.  Part  of  the 
Illinois  procedure  was  to  "clean"  the  bell  jar  with  a  nitrogen  plasma  prior 
to  deposition  in  an  attempt  to  remove  any  oxygen  or  water  vapor  that  might 
remain  even  after  the  chamber  had  been  evacuated  to  ~J  *  10  ^  Torr.  A 
moveable  shutter  was  used  to  shield  the  sample  from  exposure  to  the  plasma. 

A  stainless  steel  leaf  shutter  was  designed  and  added  to  the  reactor  chamber. 
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as  shown  in  Fig.  7.  In  order  to  implement  the  plasma  cleaning  procedure  on 


the  LEE  reactor,  the  logic  and  timing  had  Lo  be  disabled.  In  addition, 
electrically  operated  control  valves  were  installed  in  the  gas  supply  lines. 
Essentially,  the  system  operation  was  made  completely  manual. 

In  the  course  of  system  operation  and  evaluation,  many  problems  were  dis¬ 
covered  and  modifications  made.  The  silane  mixture  was  changed  from  that 
used  in  the  CVD  system  to  a  mixture  of  2Z  silane  in  Ar.  This  aJ lowed  the 
s i lane-to-ni L rogen  ratio  to  assume  anv  desired  value,  A  new  stainless  steel 
shower  was  designed  tu  replace  the  existing  glass  shower.  The  holes  in  tin- 
glass  shower  were  irregular  and  did  not  give  a  uniform  deposition  pattern. 
The  glass  base-plate  of  Cite  reactor  also  was  replaced  wit'::  stainless  steel. 
The  original  glass  plate  used  o-ring  seals  for  the  heater  and  thermocouple 
feedthrough.  The  combination  of  poor  construction  of  the  base  plate  and  the 
feedthrough's  exposure  to  high  temperatures  led  tr  frequent  o-ring  failure 
which  resulted  in  leaks.  *1  lie  o- rings  were  not  easily  replaced  because  the 
entire  chamber  had  to  be  dismantled.  With  the  stainless  steel  base  plate, 
the  feedthroughs  were  "subst rated"  in  and  thus  censed  to  he  a  source  nl  leak 
The  heater  also  was  replaced.  The  original  heater  was  a  d i I  I  us  ion-pump 
heater  drawn  against  two  aluminum  rings,  which  proved  to  he  a  map  r  pi  oh  1  cm. 
When  a  monitoring  thermocouple  was  muuiiLcd  on  the  tup  aluminum  plate  (where 

till-  sample  rests;,  a  temperature  difference  of  at  least  1;./0C(.'  Iron,  the 
indicated  temperature  was  measured,  and  this  different e  I  lie  mated.  iie  aicc 
of  :  lie  pa  ir  Lliernial  ianl.n  l  between  liie  layers  o!  the  heater,  I  lie  teliipei  alci 
il  i  I  I  e  rein  e  was  dependent  upon  lime  anj  I  lie  s'.slem  pres-. in  o.  Vanii  tin  -.stein 
was  e  vacua  Led ,  the  Lcinpc  ra  l  u  l‘e  would  decrease,  with  the  amount  of  «le.  reuse 
depending  oil  Lite  l  itne  i  equ i red  lor  system  ev.icu.it  ion.  When  g.is  w  is  I  i  awing 


the  temperature  would  rise,  with  die  amount  of  increase  depend ing  on  how 
far  it  previously  had  dropped  and  how  long  the  gas  flowed.  The  heater 
element  was  encased  in  metal  but  it  was  not  sealed,  whieh  made  it  a  sour. e 
of  coni  ainina L  ion  and  leaks. 

A  new  heater  was  designed  with  the  criterion  that  it  must  be  clean  and 
simple.  A  spring  was  fashioned  out  of  niciiromc-  wire  for  the  heating  element. 
The  spiral  element  was  positioned  on  a  quartz  supporting  table  and  loosely 
covered  with  a  stainless  steel  disk.  The  disk  rests  on  the  quart  spacers 
which  prevent  the  element  from  shorting.  The  controlling  thermocouple  . 
inserted  into  ‘.lie  edge  of  the  steel  disk,  and  a  monitoring  thermocouple  is 
mounLed  on  Lop  of  the  disk.  This  arrangement  functions  quite  well  and  has 
the  advantage  of  being  completely  and  easily  c loanable. 

Paralleling  the  evolution  of  the  system  hardware  was  the  evolution  of  an 
operating  procedure.  A  sample  is  placed  on  the  stainless  slet'l  disk  which 
is  at  Lite  desired  temperature.  The  shutter  Is  closed  and  tlu:  i  lumber  i  •. 

sealed  and  rough-pumped  to  Jess  than  10  p.  Once  below  10  p  Lite  rough  pump 

is  valved  off,  and  the  gate  valve  to  the  diftusion  pump  Is  opened.  I  lie 
chamber  it;  further  evacuated  to  a  range  of  10  ^  Turr.  The  gate  valve  is 
closed,  and  the  chamber  is  back! il led  with  nitrogen.  The  roughing  valve  1., 
opened  and  a  200-W  plasma  is  excited.  This  is  the  cleaning  plasma  used  it 
Illinois,  The  nitrogen  flow  is  stopped,  and  the  syt-Lem  Is  allowed  to  rough 
back  to  1.0  p  .  KP  power  is  removed,  and  again  Lite  chamber  is  evacuated  to  a 

range  of  10  ^  fort.  As  before,  the  chamber  is  backfilled  and  a  200-W 

nitrogen  plasma  is  excited.  This  lime  the  shutter  is  opened,  and  the  sample 
is  exposed  to  the  plasma  for  at  least  JO  sec.  What  Is  actually  accomplished 


with  tills  step  is  not  known,  but  experiments  have  shown  it  to  be  beneiicial- 
possibly  it  conditions  the  sample  surface  for  better  adherence  1  l  lie  nitr  i.l 
Following  t. lie  exposure  the  shutter  is  closed  and  silane  is  Introduced  into 
Liu;  chamber.  Time  is  allowed  for  mixing  and  .stabilizing  before  the  deposi¬ 
tion  pins.  is  excited.  Once  this  plasma  is  excited,  deposition  begin.-,  as 
soon  as  the  shutter  is  opened  and  proceeds  until  the  desired  film  thickness 
is  deposited.  At  this  time  the  shutter  is  closed,  the  ri  power  removed,  and 
Liie  gas  flows  stopped.  The  system  is  allowed  to  rough  out  belorc  the  rough¬ 
ing  valve  is  closed,  and  the  system  is  backfilled  with  nitrogen  irior  to 
sample  removal. 

Six  parameters  affect  the  nlLride  depos  i  t  ion — s  i  1  me  i  low  rite,  nitrogen  i  |.- 
rate,  rf  power,  temperature,  time,  and  Liie  distance  I rom  (ho  shower  to  the 
heater.  Al  Limugii  Liie  last  parameter  has  an  effect  on  the  compos  1 1 1  mi  oj  the 
deposited  film,  its  major  uffccL  is  on  the  uniformity  and  size  of  the  .ire., 
over  which  the  deposition  occurs.  Tallies  1  -  •'<  record  the  index  o|  rei  i.n  - 
tlon  and  thickness  of  the  deposited  Sl.,N.  ,  olitaloed  by  varying  t.la  dillerenl 
parameters.  All  other  affecting  parameters  woe  held  eonsinni,  from  tin 
tables  It  Js  possible  to  order  the  various  paramo i ers  according  I  a  their 
degree  i>f  effect  upon  the  deposited  nitride.  The  pa  rami' l  or  havlnr.  t  In- 
greatest  effect  upon  the  nitride  is  the  silane  I  low  rate.  Th J . .  means  that  a 
small  change  in  the  silane  flow  results  In  a  large  change  in  the  nitride 
composition  and  that  good  control  of  the  :l  lane  I  law  1  repaired  It  the 
system  is  not  to  suffer  reproducibility  problems.  Ihe  silane  I  I  -w  tale  is 
followed  closely  by  rl  power.  Lime,  temperature,  and  llnaliv  n I t  r.  geo  flaw 
rate.  The  tables  .also  show  Lh.lt  the  1 1 M I )  system  Is  cnpnb’«  of  depositing  a 
wide  variety  of  nitride  film  ((impositions.  Furthermore,  II  a  spin  ilia  in 'ex 


TABLE  l 


RESULTS  OF  VARIATIONS 

IN  NITROGEN  FLOW 

RATES  AND  RF 

POWER  UPON  PED 

NITRIDE,  ALL  OTHER  PARAMETERS  BF.TNC  HELD  CONSTANT. 

SILANE  FLOW  - 

100  seem,  TEMPERATURE 

-  UNKNOWN,  TIME  2 

MIN. 

Nitrofien  Flew 

RF  Power 

Index 

Thickness 

( seem) 

(W) 

(A) 

10 

25 

2.27 

600 

50 

2,24 

790 

75 

2.14 

870 

100 

2.1 

830 

125 

1 .95 

1050 

15 

25 

2.28 

550 

50 

2.22 

650 

75 

2.06 

64  5 

100 

2 . 00 

960 

125 

1  .  90 

1240 

150 

2.02 

1  020 

'»  ') 

/.  4. 

25 

2.78 

570 

50 

2.17 

700 

7  5 

7 , 06 

720 

100 

1.92 

1007 

125 

1 . 97 

1000 

150 

1  .95 

1  000 

175 

2.02 

935 

A  A 

25 

2.28 

600 

50 

2.  14 

617 

75 

2 . 08 

600 

100 

1  .  95 

748 

125 

1  .92 

800 

TABLE  2 


RESULTS  OF  VARIATIONS  IN  TEMPEkATl'RE  AND  RF  POWER  UPON  PF.D  NITRIDE, 
ALL  OTHER  PARAMETERS  BEING  HELD  CONSTANT.  SILANE  FLOW  -  100  seem, 
NITROGEN  -  22  seem,  TIME  -  2  MIN. 


rature 

RF  Power 

Index 

Tliickn 

C) 

(W) 

100 

25 

2.05 

600 

75 

1.97 

685 

125 

1 .90 

800 

150 

25 

2.13 

480 

75 

2.09 

630 

125 

1  .95 

920 

200 

25 

2.16 

510 

75 

2.16 

550 

125 

1.92 

965 

250 

2  5 

2.39 

53o 

75 

2.23 

600 

125 

2.01 

1000 

300 

75 

2.13 

625 

125 

2.02 

875 

350 

75 

2.2  3 

805 

125 

1  .99 

920 

TABLE  3 


RESULTS  OF  VARIATIONS  IN  TEMPERATURE  AND  SILANE  FLOW  RATE  UPON 
PED  NITRIDE,  ALL  OTHER  PARAMETERS  BEING  HELD  CONSTANT.  NITROGEN 
FLOW  -  22  seem,  RF  POWER  -  10  WATTS,  TIME  -  5  MIN. 


Temperature 

(°C) 

Silane  Flow* 

(seem) 

Index 

Thickness 

0 

(A) 

155 

1.91 

725 

48 

2.00 

710 

52 

2.10 

680 

210 

42 

1.86 

815 

48 

2.02 

755 

54 

2.02 

650 

255 

39 

1.90 

840 

-.3 

2.01 

865 

48 

2.08 

720 

*  Flow  Rates  are  for 

the  Mixture  of 

2%  Silane  ir.  Ar. 

TABLE  4 

RESULTS  OF  VARIATION  IN  RF 

POWER 

AND  TIME  UPON  PED 

NITRIDE,  ALL 

OTHER  PARAMETERS 

BEING  HELD 

CONSTANT.  SILANE  FLOW 

-  16  seem. 

NITROGEN  FLOW  -  2 

2  seem,  TEMPERATURE  -  300°C. 

RF  Power 

Time 

Index 

Thickness 

(W) 

(min) 

a> 

20 

2.5 

2.01 

160 

5 

2.07 

3  30 

25 

2.5 

1.98 

180 

5 

2.05 

360 

7 . 5 

2 . 08 

600 

30 

2.5 

1.83 

200 

5 

1.97 

425 

10 

2 . 04 

900 

t'iltn  is  sought,  the.  tables  indicate*  it  can  he  produced  hv  sever. ii  dll  i  crept 
parameter  comb  i  na  t  ions .  The  choice  oi  comi-inai  ion  is  dictated  h\  !  ho  i  inai 
resul t  s  sought . 

Ttie  modifications  and  procedures  described  in  the  preceding  discussion  on 
the  CVL)  and  FED  encapsulation  systems  were  guided  by  the  necessity  to  mini¬ 
mize  the  surface  conversion  of  semi-insulating  CaAs  during  high-ior,iper.uure 
anneals.  This  surface  conversion  results  in  the  formation  of  a  conductive 
skin  on  the  sample  surface.  The  skin  formation  is  a  function  of  both  cap  and 
material.  With  identical  caps,  different  substrates  convert  differently  and 
vice-versa,  which  made  the  task  of  establishing  a  viable  encapsulation  system 
double  difficult.  Alter  processing,  if  electrical  measurements  indie..: ec 
sample  conversion,  it  was  not  immediately  clear  whether  the  cause  was  the 
substrate,  the  cap,  or  some  combination  of  both.  Many  different  deposition 
parameters,  operating  procedures,  and  substrate  materials  were  investigated 
in  the  effort  to  eliminate  the  cap  as  a  contributor  to  surface  conversion. 

The  success  of  this  effort  is  evident  by  the  implantation  efforts  which  will 
be  described  later. 

2.3  AUTOMATED  HALL- EFFECT/ SHEET-RES  1  ST IV 1  TV  MEASUREMENT  SYSTEM 


Hall-effect  and  sheet-resistivity  measurements  form  an  important  part  oi  Use 
characterization  study  of  both  ion- implanted  and  undoped  semiconductors . 
Important  information  obtained  by  the  electrical  measurements  include  con¬ 
ductivity  type,  sheet  resistivity,  sheet-H.il 1  coefficient,  sheet-carrier 
concentration.  Hall  mobility,  dopant  pro  I  i  1  e,  d  illusion  eoef t  ie  ient ,  coro- 
i,ciiaai  ing  level,  ionization  energy,  and  effective  duns  it  v-ef-si.iu-  mas-.. 


Single  Hall-effect  measurements  generally  are  easy  to  carry  out  manually. 
However,  a  computer-control  led  system  becomes  verv  useful  when  the  process 
must  be  repeated  many  times  and  sophisticated  data  must  be  analyzed  in  Lhe 
measurement  process,  such  as  occurs  when  measuring  electrical  dopant  profiles 
and  investigating  temperature  dependences.  A  block,  diagram  of  the  automated 
Hall-measurement  system,  which  was  established  by  SRL  during  the  present 
contractual  period,  is  shown  in  Fig.  8.  All  equipment  identifications  in 
this  i igure  are  given  in  Table  5.  Current  control  is  affected  bv  setting  a 
range  and  percentage  of  range,  in  a  constant  current  source,  through  the 
current  control  board  and  a  D-A  converter,  respectively.  The  seven  possible 
ranges  in  the  K725  current  source  .ire  10  ,  10  :>...10  ^  A,  and  the  D-A  con¬ 

verter  allows  choices  within  a  given  range  from  0.1  to  99. 9Z,  in  0.11  in¬ 
crements.  Thus,  currents  are  available  from  0.1  to  99.9  mA.  Current  is  read 
by  means  ot  the  digital -electrometer  interlace,  an  conjunction  with  the 
digital-electrometer  control  board.  These  latter  instruments  also  allow 
control  ail"  the  various  digiLai-elec c remoter  functions. 


liacli  voltage  contact  is  interlaced  will.  ,,n  cl  cctr>.meter  and  operated  as  n 
unity-gain  amplifier.  To  minimize  the  effective  cable  capac i lances — and  l:m 
avoid  long  response  times — t.iie  inner  shield  of  the  triaxiai  cable  is  con¬ 


nected  to  the  uniLv-gain 
arrangement  shown  in  Fig 
Tiie  voltage  is  read  bv  a 
Model  35  Cenerai-i’ai  pose 
between  the 


output  of  the  electrometer."  The  particular  con 
b  is  Lite  sLuiulaid  van  der  I’auw  configuration.  1 
K6900  digital  mu  I  t  iniel  or  .  with  BCD  output.  I  i.e 
Interlace  bus  ICPILO  provides  an  interlace  Haul 


i  ■  'ii 


DVM  and  tiie  bus 


t.  l 


lilt*  i  h!,l\  SL.iiul.il  ci  -*  r> : .  . 


Figure  8.  Blo.'k  Diagram  .it  Auinnal  ed  H.ill-Kf  f  ti  i  / 
SlieeL-Uesislivilv  Measurement  Svst  1.1.1. 


TABLE  5 


EQUIPMENT  IDENTIFICATION  OK  AUTOMATED  HALL-EFFECT/ SHEET-RESISTIVITY 
MEASUREMENT  SYSTEM.  (ABBREVIATION'S:  K  r  KE1THLEY ;  DEC  :  DIGITAL 
EQUIPMENT  CORK. ;  H-P  :  HEWLET -PACKARD) . 

Mfg.  and  Model  No, 


Equipment  Designation 
ELEC.  (Electrometer) 
DIGITAL  ELEC. 

DIG.  ELEC.  INTERFACE 
DIG.  ELEC.  CONTROL  BOARD 

CURRENT  SOURCE 
CURRENT  CONTROL  BOARD 

D-A  CONV .  (D-A  converter) 
DVM  (A-D  CONV.) 

GPID  INTERFACE 
COMPUTER 

FLOPPY  DISK  MEMORY 

I/O  TERM.  (I/O  Terminal) 

PLOTTER 


K610CR 
K61  6 
K6162 

K7901-6162  (in  K7y0 
mainir erne) 

K72  5 

K790I-723  (in  K790 
mainframe) 

Kepco  SNR  488-4 

K6900  Digital  Muliimeter 

K33 

DEC  PDP11-03  (with  IEEE- 
488  l/'O  bus) 

DEC  RXV I  1 

DEC  LA- 36 

11-P  987 2A 
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For  the  van  der  Pauw  configuration,  four  contacts  are  placed  on  the  periphery 
of  the  sample.  Current  is  passed  between  two  ot  the  contacts  (the  two 
electrometers  are  by-passed  for  this  current  mode),  and  the  voltage  dif¬ 
ference  between  the  other  two  is  read.  The  current  and  voltage  terminals  are 
then  switched  between  other  pairs  of  contacts,  and  the  process  is  repeated. 
Discussion  of  the  van  der  Pauw  method  and  relevant  calculutional  equations 
are  given  in  Section  3  of  this  report. 

The  central  processing  unit  (computer)  for  the  system  is  a  PDP11-03  with 
software  to  control  the  IEEE-488  I/O  bus.  In  general,  programs  have  been 
written  in  the  FORTRAN  IV  language  because  of  its  wide-spread  use,  and  one  of 
the  programs  is  attached  as  an  example  (see  Appendix  D) .  The  peripherals 
include  a  DEC  LA36  terminal,  a  RXV11  dual  lioppy-disk.  system,  and  an  HP9872A 
four-pen  plotter.  The  results  of  measurements  are  calculated  immediately 
after  data  are  taken.  An  advantage  of  the  computer  is  its  calculutional 
accuracy,  which  reduces  the  frequency  of  mistakes. 


I 
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Section  3 


ELECTRICAL  PROPERTIES  OF  ION- IMPLANTED  GaAs 


3.1  SAMPLE  PREPARATION 


The  substrate  materials  used,  unless  specified  otherwise,  were  <100>- 
oriented  semi-insulating  Cr-doped  GaAs  single  crystals  obtained  from  Crystal 
Specialties,  Inc.  Prior  to  implantation,  the  samples  were  carefully  cleaned 
with  10%  acquasol,  de-ionized  water,  trichloroethylene,  acetone,  and  methanol 
and  then  dried  with  nitrogen  gas.  They  were  subsequently  free-etched  with 
an  H.jSO,  :  302  Ho0.,  :H?0  solution  in  a  3:1:1  ratio  by  volume  for  90  sec. 
Implantation  was  carried  out  at  an  energy  of  120  keV  to  various  ion  doses  at 
room  temperature.  The  incident  ion  beam  from  a  hot-cathode  source  was 
directed  7°  off  the  <100>  crystal  axis  to  minimize  ion-channeling  effects. 
After  implantation,  the  samples  were  carefully  cleaned  again  and  then 
encapsulated  witli  Si^N^  caps  either  by  a  chemic al-vapor-dcposi t ion  (CVD)  or 
an  rf  pla.sma-enhanced-deposition  (PED)  system.  The  samples  were  (.hen 
annealed  in  flowing  hydrogen  gas  lor  15  min.  at  various  annealing  tem¬ 
peratures.  After  dissolution  of  the  encapsulant  in  48 %  hydrofluoric  acid 
lor  about  i  min.,  an  ultrasonic  iron  was  used  to  make  electrical  indium 
contacts  or.  the  four  corners  of  the  square-shaped  (typically  0.5  u.5  cm) 

implanted  surface.  The  contacts  were  then  heated  at  300°C  lor  3  min., 
unless  specified  otherwise,  in  flowing  argon  gas  to  produce  ohmic  behavior. 
Sheet  resistivity  of  the  unimplanted  Cr-doped  substrate  capped  with  Si.N. 
and  annealed  at  900  °C  varied  from  i(V  to  lO'* 


Jh 


.:/  D. 


3.2  ELECTRICAL  MEASUREMENTS 


Hall-effect/sheet-resistivity  measurements  are  made  using  the  standard  van 

3  2 
der  Pauw  technique  and  an  apparatus  which  utilizes  a  guarded  approach 

with  unity-gain  electrometers  to  effectively  reduce  leakage  currents  and 

cable  capacitance  which  in  turn  dramatically  reduces  the  time  constant  of 

the  system.  A  schematic  diagram  of  the  Hal 1 -measurement  system  for  the 

van  der  Pauw  configuration  is  shown  in  Fig.  9.  From  measurements  of  a 

sample  voltage  V  and  a  sample  current  I,  the  sheet  resistivitv  ,  for  a 
e  '  s 

homogeneous  sample  is  calculated  using  the  equation 

V 

r  _c 

s  >.n  2  ] 


From  measurements  of  a  sample  current  1,  a  Hall  voltage  V  ,  and  a  magnetic 

H 

field  B,  the  sheet-Hall  coefficient  is  found  from  the  equation 

V 

Rjjg  =  10^  ~  0'.'-cm3/V.  sec) 

Then  the  sheet-carrier  concentration  N  and  Hall  mobilitv  p  are  calculated 

s  H 

from  the  relations 


N  =  — 
s  ell 


"Us 


and 


’ll 


'Sis 


s 


-J] 


where  r  is  Che  Hall-to-dnf c  mobility  ratio,  which  is  customarily  taken  to 
be  unity. 


Depth  profiles  of  a  carrier  concentration  N  and  a  Hall  mobility  p  are 

accomplished  by  combining  a  layer-removal  technique  with  the  Hall  and  sheet- 

resistivity  measurements.  The  number  of  carriers  in  the  i1'1  layer  and 

U  5 

their  Hall  mobility  iJu.  can  be  obtained  from  the  relations  ’ 

H 1 


N 


i 


en  d 
Hi  i 


where 


<«Vi 


‘Vi+1 


wliere 


t-H  , 

-v  { '  VJ  ‘(o£T 


In  the  above  equations,  (R^)^  and  (p.)^  are  the  sheet-Hall  nu-f  1  i.  lent  and 


13 


the  sheet  resistivity,  respectively,  which  are  measured  after  removal  of  the 
i1'1  layer  with  thickness  d  . 

Successive  thin  layers  of  the  implanted  section  were  removed  using  u  diluted 

solution  of  H-SO, :30%  H.0.:H_0  in  a  1:1:50  ratio  bv  volume  ut  0°C.  Such  an 
2  4  ill 

etch  produces  uniform  and  damage-free  surfaces.  A  typical  etching  rate  is 

O 

-200  A/min.  as  determined  by  a  Sloan  Dektak  Surface  Profile  Measuring  System. 

3  .  '1  ELECTRICAL  PROPERTIES  OF  Mg- IMPLANTED  GaAs 

Measurements  With  CV1)  Si.,N.CAP 
- 3--s - 

He,  Mg,  Zn,  and  Cd  are  all  known  to  be  p-type  dopants  for  GaAs ,  Many 

fj 

studies  on  the  implantation  of  Be,  Cd ,  and  Zn  into  GaAs  have  been  con¬ 
ducted.  However,  very  few  electrical  studies  have  been  reported  for  Mg- 
Implanted  GaAs;  hence,  details  of  the  electrical  properties  are  not  well 
known.  To  l he  best  of  our  knowledge,  we  presented  the  tirsi  published 
results  of  the  measurement  of  carrier-concentration  depth  pr**l  llei.  "ii  Mg- 
ir.ipl  anted  GaAs.  As  in  the  case  of  He,  it  is  expected  that  the  Implanted  .‘-V, 
i’>ns  peneLruto  more  deeply  into  the  substrate  for  a  given  Ion  energv  t  h  m  d" 
other  heavier  p-Lvpe  dopants  for  i..iAs  sucli  as  Zn  and  Cil .  'I  lie  dependence  ot 

surlace  carrier  concent  rat  Ion  and  mo!'  1 1  1 1  y  u }>. <i i  Mg-ion  dose  and  upon  p"  I  - 

H  * ) 

1  tnp  1  an  l  i  L  1  on  annealing  temperature  has  been  reported  ’  prev  1  mi:.  I  v  .  In  l  la 

h 

work  ot  lltinsperger ,  c_l  a  1  .  ,  a  sputtered  Ml)  cap  and  n-lvpi-  MihsLr.il  c  ■  vui'i 
used,  and  it  was  found  tii.it  in  most  .  nse:.  in.  o;  i  muni  elecliic.il  ,n  tivit.  w.c 
achieved  at  an  annealing  temperature  <>l  HtjiV'C  Ini  the  Mg- imp  I  allied  .sample 


i '. 


Q 

and  600°C  for  the  Be-implanted  sample.  In  the  work  of  ZiMeh,  et^  al . , 

a  pyrolytic  SiO^  and  a  sputtered  Si^N^  cap  and  n-type  and  semi-insulating 

substrates  have  been  used.  As  in  the  case  of  Be,  reverse  annealing  was 

found  at  temperatures  in  the  range  650  to  750°C  for  the  Mg-implanted  sample, 

Also  higher  electrical  activation  and  smaller  reverse  annealing  were  found 

with  the  Si^N^  cap.  In  most  investigations,  S102  has  been  widely  used  as  an 

annealing  cap  on  p-tvpe  implants  in  CaAs.  However,  pvrolvtic  Si_N,^  caps 

3  a 

were  used  in  the  present  experiment. 

Implantation  was  carried  out  at  an  energy  of  120  keV  to  doses  ranging  from 
12  15  2 

3  *  10  to  1  y  10  /cm  at  room  temperature.  After  implantation,  the  sample 

© 

were  encapsulated  with  an  1500-A  layer  of  Si^N,  at  ~700°C  in  a  pyrolytic 
reactor  for  -45  see.  After  the  indium  contacts  were  made,  Lhe  samples  were 
heated  at  300°C  for  10  min. 

The  results  of  Hall  measurements  made  on  GaAs  samples  implanted  with  Mg  to 

12  15  2 

ion  doses  ranging  from  3  '  10  to  1  y  10  /cm  and  annealed  at  various 
temperatures  arc  shown  in  Tigs.  10  and  11,  The  results  of  sheet-car r icr- 
cotnentrat ion  measurements  for  all  doses  annealed  at  800°C  or  above  agree  In 
general  with  those  reported  by  Hunsperger,  et  a ! . ,  except  for  samples 
having  a  dose  of  3  ■'  lO^/em^  and  annealed  at  900® C,  although  the  present 
results  for  samples  annealed  at  700°C  show  a  much  higher  electrical  acti¬ 
vation  (by  a  factor  ul  for  the  two  higher-dose  samples)  than  those  repoite 

)  3 

lor  annealing  at  700°C .  The  electrical  activity  for  the  3  •  10  ,  cm’  dose 

samples  was  reported  to  Increase  further  after  90U°0  annealing  (ban  alter 
U0U®C  annealing  in  the  previously  cited  war!.,  bill  Lhe  present  results  show  a 


39 


decrease  i  n  v.'  1  ue  , 
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Ic  has  been  found  that  for  an  ion  dose  of  >  5  *  10  /cm  ,  most  of  the  elec¬ 
trical  activation  occurs  during  pyrolytic  deposition  of  the  Si  N,  cap  which 

•J 

was  accomplished  at  -7nn°C  for  -45  sec.  The  electrical-activation  efficiency 

14  2 

obtained  was  as  high  as  512  for  samples  having  a  dose  of  3  *  10  /cm  after 
capping  only.  This  much  activation  in  so  short  a  capping  time  at  700°C  is 
rather  an  unexpected  result,  even  though  the  capping  temperature  is  rela¬ 
tively  high.  No  p-type  layers  have  been  observed  for  as-implanted  samples. 
Neither  the  sheet-carrier  concentration  nor  the  mobility  was  altered  during 

subsequent  annealing  up  to  600°C,  as  indicated  by  the  dashed  lines  in  Fig.  10 

12  2 

For  samples  having  an  ion  dose  of  1  '  10  “/cm  ,  the  electrical  activity  is 
very  poor  up  to  800°C,  and  no  p-type  was  observed  after  capping  only,  but 
definite  p-type  co.ductivity  became  apparent  at  •.700°C. 

The  annealing  behavior  of  the  sheet-carrier  concentration  is  highly  depen¬ 
dent  upon  ion  dose.  Also,  annealing  temperatures  of  the  maximum  electrical- 
activation  efficiency  increased  with  decreasing  ion  dose.  lor  samples 
having  an  ion  dose  of  2  5  >  10  /cni“,  the  electrical  activity  increased  with 
annealing  temperature,  yielding  the  highest  activation  at  •  BOO  to  H5(|'>C, 

and  then  decreased  at  9<J0°C.  The  electrical-activation  efficiencies  obtain*  d 

13.2 

were  as  high  as  85%  for  the  sample  having  a  dose  oi  J  •  10  /cm  annealed  a: 

1 2  2 

8i)U°(J .  For  samples  having  an  ion  dose  of  2  3  10  /cm",  the  electrical 

activity  decreased  with  increasing  anneal  temperature  above  7<J0°C,  which  is 

,  ,  fl  . 

similar  to  the  behavior  reported  ny  n,  et  al .  Tne  decrease  in  sheet - 

carrier  concentration  of  all  samples  alter  annealing  at  9i!0°C.  anil  nv*n*>t  on  i  c 
devfea.se  in  electrical  activity  with  increasing  annealing  t  etapera  Him-  tor 
doses  of  _  5  ■  l*)1  1  /  cm*  can  be  considered  to  be  caused  l»v  out. lit  I  us  i  on  ■  ■  I  Mg. 

Jiie  annealing  temperature  which  produces  maximum  elect  rival  ■■■■  i  i  v  i  t  v  1  -'r  dor.* 
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of  >  3  x  10  /cm  (with  pyrolytic  Si..N,  cap)  could  not  bo  determined.  The 

J  H 

annealing  behavior  of  the  carrier  mobility  indicates  that  lattice  damage 
caused  by  ion  bombardment  is  reduced  appreciably  during  capping  and  that  the 
mobilities  increase  further  with  the  annealing  temperature  for  all  samples. 
The  Hall  mobility,  as  expected,  decreases  with  increasing  fluence. 

Depth  profiles  of  hole  concentrations,  Hall  mobilities,  and  compensation 

14 

ratios  for  samples  implanted  to  an  ion  dose  oi  3  v  10  /cm  and  annealed  at 
various  temperatures  are  shown  in  Tig.  12.  These  curves  have  been  found  to 
be  reproducible  through  measurements  on  several  samples.  The  l.indhard- 
Scharf f-Schiott^  (LSS)  range-statistics  theory  predicts  that  peak  con¬ 
centrations  occur  at  -0.124  ;im  for  an  ion  energy  of  120  keV.  The  I.SS  pro- 

14  2 

file  for  a  fluence  of  3  v  10  /cm  is  also  shown  in  Fig.  12  for  comparison. 
The  depth  profiles  of  the  hole-concentration  data  snow  the  redistribution  oi 
implanted  Mg  impurities  extending  to  roughly  twice  the  projected  range  of 
the  LSS  theory.  Furthermore,  it  clearly  can  be  seen  that  the  dopant  pro¬ 
files  are  highly  dependent  upon  annealing  temperature.  The  largest  peak 

19  2 

concentration  of  1  *  10  /cm  was  found  for  the  sample  measured  alter  c.ippinj 
only.  However,  after  subsequent  annealing,  the  peak  concontr.it  ion  was  found 
to  decrease.  Also,  the  position  of  the  concentration  peak  shifts  toward  the 
inside  of  the  sample.  It  is  interesting  to  note  that  the  dopant  pro;  ile  of 
the  sample  annealed  at  600°C  agrees  very  closely  with  that  of  the  samph 
measured  after  capping  only.  This  indicates  that  the  hOO’C  .nine. i!  does  not 
alter  the  electrical  depth,  profile  or  the  sheet-carrier  conceit  t  til  i  on  oi  tin- 
sample  measured  alter  capping  only,  as  already  pointed  out. 


Tiic  change  in  the  peak-concentration  magnitude,  and  position  is  a  complicated 
problem,  but  it  can  be  explained  by  indiffusion  and  outd  x.  1 1  us  ion  of  the 
implanted  Mg  ions.  For  the  case  of  Lhe  700°C  anneal,  the  dopant  profile 
extends  deep  into  Liie  implantation  damage-free  region.  Since  the  total 
number  uL  '.sole  concentrations  with  the  700°C  anneal  is  about  the  same  as 
that  with  capping  only,  it  appears  that  there  is  very  little,  if  any, 
outdif fusion  of  the  implanted  Mg  after  the  700°C  anneal;  mostly  indiffusion 
is  taking  place*.  For  the  case  of  the  800°C  anneal,  it  clearly  can  be  seen 
from  Fig.  12  that  both  indiffusion  and  outdif fusion  Lake  place  in  subsequent 
800°C  anneal::.  Therefore,  the  total  number  of  hole  concent  rat  ions  has  been 
reduced  somewhat  from  the  value  with  tapping  only.  For  Lhe  case  of  Lhe 
900 0  C  anneal,  both  indiffusion  and  outd if  fusion  take  place  more  drama l iea 1  I y ; 
hence,  the  position  of  the  peak  concentration  shifts  toward  the  inside  of 
the  sample;  also,  the  eleccricai-ac Livuliwii  efficiency  drops  sharply  as 
shown  in  Fig.  10. 


Since  tiie  measured  Hall  mobi  lity  is  in  the  range  of  80  -  250  cm*’/'*'*  sec ,  , 
ionized -  impurity  -scattering  must  he  an  important  effect.  Therefore,  the 

degree  of  electrical  compensation  lias  been  analyzed  using  the  lirooks- 

l’> 

Herring  ~  formula  lor  ionized- impur ity  scattering, 
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where  /,  -•  1 .  C9  v  10  - ( — ),  p  ,  is  Lne  ionized- Impur  1  tv  nob i ! 1 l v 
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cm  /V*  sec ,  N  is  Lhe  total  i onized-impurity  concentration  in  cm  , 

the  absolute  temperature,  t  is  the  relative  dlclectrii  constant  0  = 

I  or  GaAs  in  slut  lc  limit).  Hi  is  Lhe  root,  electron  mass  in  grams,  in* 
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in 
I  i 
12.91 
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effective  mass  in  grans  v—  =  0.5  was  taken  for  a  hole  in  GaAs)  ,  and  p  is 
the  measured  carrier  concentration.  In  this  analysis,  it  is  assumed  that 
only  lattice  and  ionized-impuritv  scattering  are  important.  Then  t'ae 
ionized-impuritv  scattering  mobilicv  (u^),  can  be  expressed  as 


111 


where  \.  is  the  measured  mobility  in  each  stripped  layer,  the  p  is  the 
lattice-scattering  mobility.  The  value  of  has  been  chosen  as  450  cin'/V-sec 
I  or  the  present  analysis.  From  the  computed  value  of  p-  the  value  of 
Nj  has  been  calculated  in  each  stripped  layer.  Furthermore ,  the  donor 
concentration  (N^)  and  acceptor  concentration  ( N  have  bo<_n  determined  from 


the  relations 


=  p  +  2N^  and  P  = 

The  r-.io  of  donor-to-acceptor  concentration  is  defined  as  k  =  W  /N  ,  which 
represents  the  degree  of  compensation. 

Mobility  profiles  are  also  shown  in  Figs.  12  and  13.  Fxcept  for  the  900 °C 
annealing  case,  the  hole  mobility  is,  in  general,  initially  higher  near  the 
surface,  gradually  decreases  to  the  region  of  the  maximum  hole  concentration, 
and  then  increases  with  Lhe  decrease  in  hole  concentration.  The  reduction 
of  hole  mobility  near  the  peak  hole  concentration  can  be  explained  by  hole 
scattering  which  is  caused  by  the  greater  number  of  ionized  impurities  near 
the  peak  liule  concentration.  (An  illustration  of  the  ionized-impuritv 
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concentration  is  given  in  Fig.  14,  and  a  detailed  discussion  will  be  given 

later).  However,  the  mobility  profile  of  the  sample  annealed  at  9UU°C  is 

quite  different  from  the  others.  It  can  be  seen  that  the  hole  mobility 

decreases  sharply  near  the  surface  from  the  bulk  value  of  mobility  which  is 
2 

about  200  cm^/V-sec.  This  indicates  that  another  scattering  mechanism 
exists  in  this  sample  in  addition  to  the  two  dominant  scatterings,  i.e., 
lattice  and  ionized-impur ity  scatterings.  This  scattering  may  be  due  to 
lattice  defects  such  as  dislocations  and  precipitates  present  at  or  near  rlie 
surface  region. 

Figure  13  shows  the  depth  profiles  of  hole  concent  rations  ,  Hall  mo  hi  1  it  ie.s  , 

and  compensation  ratios  for  samples  implanted  to  various  ion  doses  and 

annealed  at  800UC.  Theoretical  diffusion  profile  curves  are  also  deputed 

in  dashed  lines  for  the  two  lower-dose  samples.  The  LSS  profile  for  a 
14  2 

fluence  of  3  *  10  /cm  is  shown  for  comparison  purposes.  The  depth  protiles 

of  the  hole-eo.  centratiun  data  show  that  the  implanted  Mg  impurities  arc 

redistributed  from  the  original  implant  for  all  doses  and  also  that  the 

dopant  profiles  are  highly  dependent  upon  dose.  The  position  of  the  peak 
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hole  concentration  for  a  dose  of  >  5  *  10  /cm  occurs  at  a  slightly  dii- 
fereni  position  from  that  predicted  by  the  LSS  theory,  and  this  is  not 
dependent  upon  dose.  On  the  other  hand,  the  peak  position  of  a  I  -  10  '\vr„~ 

dose  agrees  with  that  of  LSS  theory.  The  shift  in  peak-concentration  position 
is  believed  to  be  due  to  indif fus ton  and  ouldillusion  as  explained  earlier. 
Further  diffusion  analysis  has  been  performed  using  the  equation''* 


MOBILITY  (cmVV  sec)  CONCENTRATION  (cm*3) 
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where  n  (x^,t)  is  the  carrier  concentration  (1/cm  )  at  a  given  depth  (x  ) 

and  anneal  time  (t),  y  is  an  implanted-ion  dose  (l/cm4),  Op  is  the  standard 

deviation,  R  is  the  projected  range,  and  1)  is  the  diffusion  coefficient.  As 

shown  in  Fig.  13,  the  depth  profiles  of  the  two  lower-dose  samples  roughly 

13 

lollow  tiie  tiieoretical  diffusion  profiles  with  values  of  3.2  '  10  and 

14  2  .  132  132 

8.5  *  10  cm  /sec  for  doses  oi  a  *  10  /cm  and  1  v  10  /cm  ,  respectively. 

These  values  are  about  the  same  order  of  magnitude  as  those  found  by  Zoleh, 

h  )  i  i 

et  ill-  For  a  dose  of  5  v  JO  .cm  ,  it  appears  that  most  Mg  ions  near  the 

surface  have  disappeared  by  outdi f f us  ion.  However,  for  a  dose  of  1  •  lO^Vcm", 

it  appears  that  most  Mg  ions  remain  within  the  sample  after  diffusion,  exhib- 

1 4  l 

iting  some  build-up  of  Mg  near  the  surface.  For  a  dose  >  3  *  10  ,'ctn  ,  the 
complicated  indiffusion  and  outdi f fusion  of  Mg  makes  it  difficult  to  analyse 
the  depth  profiles  quantitatively  by  means  of  the  simple  Gaussian  dii lusion 

equations.  However,  it  is  interesting  to  note  that  the  depth  profile  of  a 

15,2  ,  ,)42 

1  •  10  ,  cm  dose  follows  very  closely  that  ol  a  3  •  It)  /cm  dose.  liie 

comparison  of  the  two  depth  profiles  indicates  that  the  diffusion  in  more 

severe  for  higher  doses. 

Figure  )A  shows  the  depth  profiles  n!  hole,  acceptor,  donor,  and  ioni/.ed- 
i  mptir  1  (.  v  concent  rations  tor  the  sample  having  mi  ion  dune  -.1  J  -  10  .  .  :a  an-1, 

annealed  at  Also  shown  are  the  compensation  ratio,  iiiipur  i  t  v-m.  i  1  i  t  v , 

and  I  la  i  1 -mob  11  ity  depth  profiles.  Similar  oirvm,  love  Keen  out  a  i  nod  i . .  j  ,,U 
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other  profiled  samples  when  two  scattering  (lattice  and  ionized-impur ity 

scattering)  mechanisms  are  assumed.  In  general,  the  compensation  ratio 

ranges  from  0.5  to  0.8  for  all  samples  profiled  as  shown  in  Figs.  12  and  13, 

as  expected  from  the  implanted  samples.  Since  (as  shown  in  Figs.  10  and  11) 

the  electrical  activation  is  generally  high  (as  much  as  85%  for  the  sample 
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having  a  dose  of  1  *  10  /cm  and  annealed  at  800°C)  and  no  other  significant 
acceptors  have  been  found  in  the  substrates  after  annealing  at  800  or  900°C, 
it  is  evident  that  the  acceptors  in  the  implanted  layer  are  mainly  due  to 
implanted  Mg  ions. 

The  compensation  level  of  0.5  -  0.8  indicates  that  a  considerable  number  of 
compensating  donors  are  present  in  liie  implanted  layer.  Mass-spectroscopic 
analysis  of  the  Cr-doped  substrate  showed  the  probable  donor  (mainly  M) 
concentration  to  be  equal  to  or  less  than  3  •  lO^/eiu^.  Ev<_n  though  all  the 
silicon  ions  act  as  donors,  it  is  difficult  to  explain  the  total  number  of 
donors  observed  in  the  implanted  and  annealed  layers.  Therefore,  it  is 
suspected  that  tue  compensating  donors  may  be  of  two  types,  i.o.,  donor-, 
present  originally  in  the  substrate  itself  and  additional  donors  formed 
during  the  annealing  process.  If  these  donors  originate  from  the  annealing 
process  (for  example.  Si., N 7  cap  or  heat  treatment),  Liie  number  of  donors  urns: 
he  the  same  for  all  samples  capped  and  annealed  at  Liie  same  lime.  However, 
this  is  not  the  ease,  and  it  has  been  found  that  the  donor  concentration 
varies  significantly  from  sample  to  sample,  depending  upon  the  implanted  ion 
dose.  Therefore,  it  can  he  concluded  that  must  additional  donors  are  e!  an 
intrinsic  nature.  Since  Mg  can  occupv  <:a  sites,  an  excess  . » i  arsen i  i  vacan¬ 
cies  can  be  expected  to  form.  Therefore,  As  vacancies  can  be  thought  cl 
as  tin-  main  source  of  donors  present  in  Mg-  imp.l  anted  livers. 


He  a  s  urements  Witt'.  P  ED  Cap 

EiueLrle.il  studies  described  above  were  carried  out  with  a  pvroJvtic  si  N 

J  ‘-f 

cap  as  a  protective  dielectric  layer.  It  was  pointed  out  that  Lor  ion  doses 
13  2 

of  i  5  '  10  /cm  ,  most  of  the  electrical  activation  occurred  during  pyro¬ 
lytic  deposition  of  the  Si^N^  cap,  which  was  carried  out  at  -^OO^C  for 

» 

'45  sec.  Neither  the  sheet-carrier  concentrations  nor  the  mobilities  were 
altered  appreciably  during  subsequent  annealing  up  to  7UU°C.  Therefore,  the 
annealing  behavior  of  Mg- implants  in  C.aAs  at  lower  temperature  (below  •700<>E) 
could  not  be  observed.  In  the  following  work,^'  a  thorough  study  of  the 
electrical  properties  of  Mg  implants  in  CaAs  has  been  carried  out  with  in  rf 
plasma-deposited  Si,N,  cap.  Surface-carrier  concern  rat  ion  lias  been  measured 
at  a  temperature  as  low  as  600°C  for  a  wide  range  of  implanted  doses. 

Implantation  was  carried  out  at  an  energy  of  120  keV  to  doses  ranging  from 
13  15  2 

1  '  10  to  3  '  10  /cm  at  room  temperature.  After  implantation,  the 

samples  were  encapsulated  on  both  sides  of  the  samples  with  an  -70U-A  1 a\ur 

of  Si1N/ ,  which  was  rf-plasma  deposited  at  22t'°C  for  10  min,  Un  imp  I  antevl 
3  *4 

Cr-doped  substrates  capped  with  p  lusma-depos  i  i  cd  Hi^N,  and  annealed  at  ti!>0  0 
[or  15  min.  exhibited  a  sheet  of  resistivity  of  -  U)'  '.i/O. 

The  results  of  Hall-ef  f  ec  L /sheet-resist  ivi  ty  measurements  made  on  Cl. .As 
samples  implanted  with  Mg  ions  to  doses  ranging  from  1  •  lu'^  to  3  •  in"'  ‘ 
and  annealed  at  temperatures  ranging  from  600  to  i50°C  are  shown  in  Kig.  15. 
Detailed  annealing  beliavior  of  the  sheet-carrier  concentrations  clearly 
revealed  that  the  electrical  activation  increased  mouotonical i y  with  anneal  in) 
temperature  up  to  750°C  and  the  maximum  electrical  activation  occurred  al 

4  ti 


/tH(cm2/V*sec) 
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750°C  for  ali  except  the  lowest  done  of  1  *  10  /cm  ,  for  which  the  maximum 

activation  occurred  at  800°C.  The  maximum  activation  efficiency  obtained  was 

1  3  2 

as  high  as  85%  for  the  sample  implanted  to  a  dose  of  3  *  10  /cm  and  annealed 
at  750°C.  The  electrical  activation  then  decreased  monotonically  with 
increasing  annealing  temperature  possibly  due  to  outdiffusion  of  Mg,  which 
will  be  discussed  later.  The  annealing  behavior  of  the  sheet-carr ier  con¬ 
centration  generally  agreed  well  with  the  iKnve  result  obtained  at  an  anneal¬ 
ing  temperature  of  700°C  or  above.  However,  our  results  showed  significantly 
higher  electrical  activation  (as  high  as  one  order  of  magnitude)  for  the 

8 

samples  annealed  at  700  C  or  below  Liian  that  reported  by  llunsperger ,  y_L  o_K  , 

and  also  generally  much  higher  activation  (by  a  factor  of  2)  for  the  samples 

•  •  9 

annealed  at  al’  temperatures  than  that  reported  by  Zoich,  ej_  al  .  In  our 
work  further  study  has  been  made  of  the  annealing  behavior  of  Mg  implains  In 
GaAs  with  different  annealing  times  but  at  ihe  same  annealing  temperature  of 
?5U°C.  Significant  electrical  activation  was  achieved  after  annealing  the 
samples  for  a  short  time.  The  el  ect.ricaL-acLiv.it  ion  efficiency  obtained  was 
as  high  as  53%  for  the  sample  implanted  to  a  dose  of  1  •  lO^Vcm”  after 
annealing  for  only  2  min.  at  75()°C.  The  activation  increased  further  with 
annealing  time  and  82%  activation  was  obtained  after  annealing  for  30  min  at 
7 jU°C. 

Ihe  annealing  behavior  of  carrier  mobilities  indicates  that  I  at  t i  >-e  damage 
caused  by  ion  bombardment  is  redu.  ed  approe  iub  1  y  even  at  an  nni.e.r  1  ing  t  »m— 
per.iture  o!  60()oC  and  that  ntoi:i  1  ilies  im  roasc  with  ann«-. 1 1  i  ng,  i  i-mper.i  I  u  in  . 

'i'i  i  i  *-  damage  recoverv  with  increasing  aunt  a  !  ing  t  empera!  it  re  i  more  itid.ii 
lor  tire  higher  ion-dose  samples. 


Electrical  depth  profiles  of  hole  concent  rat  ions  and  Hall  mobilities  for 
samples  implanted  to  various  ion  doses  and  annealed  at  750°C  are  shown  in 
Fig.  16.  In  the  profile  measurements,  an  annealing  temperature  ot  75U°C  was 
chosen  specifically  because  the  maximum  electrical  activation  occurred  at 
this  temperature.  The  theoretical  LSS  profile  for  an  ion  dose  of  1  >  iO^/cm 
is  also  shown  In  this  figure  for  comparison  purposes.  It  clearly  can  be  seen 
from  the  figure  that  the  depth  profiles  of  the  hole  concentrations  are  highly 
dependent  upon  dose.  Furthermore,  the  dopant-prof ile  data  show  a  significant 

1  a  ’ 

redistribution  of  Mg  ions  lor  the  samples  having  an  ion  dose  ot  1  >=  10  /  cm~ 

or  a  trove. 

Tite  changes  in  the  position  of  the  peak,  concentration  and  magnitude  represent 

complicated  problems.  In  general,  the  profile  peaks  occur  at  three  diiteror.t 

positions — one  at  cite  LSS  peak  position,  one  near  the  surface,  and  the  other 

at  tlte  inner  side  of  the  sample.  For  an  ion  dose  of  3  K)^/ cm""  or  below, 

tite  carrier  concentration  is  high  near  the  surface,  with  Lite  peak  position  at 

-0.08  pm.  Most  Mg  ions  remain  in  the  implanted  region  for  these  lower  Joses. 

14  .  1 

lor  a  dose  oi  1  ■  10  .cm  ,  tite  peak  concentration  occurs  at  the  position 
predicted  by  LSS  theory.  The  prolile  initially  follows  closely  the  i heard i . 
curve  near  the  surface,  then  becomes  considerably  flat  in  most  of  the  imp  I  ic.t 
cd  region,  and  shows  a  long  tail  indicating  significant  indifi us  ion  at  ihi- 
dose  . 

1 4  3 

lor  doses  ol  3  •  It)  /cm  or  above,  the  dopant  ;»r->  t  i  ;t  is  much  rt.-t .  .-..nip:  i- 

cnled,  and  two  distinct  carrier-emu  ettir.il  ion  pea'ita  l  ave  lu  .  r  as-:, .py. - n. 

near  the  surface  (0.05  am)  and  the  other  at  Lite  deeper  siJi  ,  l  in.,  sample 
(-0.38  pm).  The  double  peaks  occurred  nearly  at  the  same  position  t  or  i.  ho 


three  higher  doses;  also  the  profile  tails  are  nearly  independent  of  dose. 

Those  double  peaks  begin  to  appear  at  a  dose  of  1  -  LO^/cnT ,  and  the  peaks 

are  more  pronounced  as  the  dose  level  increases.  The  carrier  concent  rat  ion 

at  the  first  peak  position  is  smaller  than  that  at  the  second  peak  position 

14  2 

for  a  dose  of  3  v  10  /cm  ;  the  double  peaks  are  much  clearer  for  a  dose  o( 
15  2 

1  >•  10  /'cm  ;  and  finally  the  concentration  at  the  first  peak  becomes  much 


greater  than  that  at  the  second  peak  for  a  dose  of  3  •  it) 


15 


ir.~.  The  maximum 
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carrier  concentration  obtained  was  2  *  10  .'cm  for  a  dose  o!  3  ■  10  /cm  . 

Moreover,  a  local  minimum  rather  than  a  maximum  has  been  produced  at  the  i.SS 

peak  position.  It  can  he  speculated  that  the  local  minimum  observed  l.var  the 

LSS  peak  position  for  these  higher  doses  ray  be  due  to  the  Cr  redistribution 

and/or  the  implantation  damage  remaining  at  this  relatively  lev.’  an.ne.i :  i  nr 

temperature.  Preliminary  data  of  SIMS  analysis  shows  that  a  significant 

redistribution  of  Cr  occurs  in  the  implanted  region  after  annealing  at  750:C 

14  2 

for  Mg  ion  doses  >  J.  *  10  /cm  . 
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The  mobilities  i  o  l  the  doses  of  3  ’•  30  /cm  or  below  are  much  higher  through¬ 
out  the  implanted  region  than  the  mobilities  for  the  higher  closes ,  until  Inc--. 

finally  decrease  near  the  substrate  region.  The  mobilities  for  doses  of 
14  2 

;  3  >10  /cm  also  exhibit  more  complicated  structures  than  those  t  or  the 

lower  doses,  which  exhibit  mobility  peaks  and  valleys.  The  mo hi  lilies  are 

generally  lower  ("100  cm  /V*  sec)  throughout  most  of  the  imp]  anted  region. , 

except  well  inside  t  lie  sample ,  where  they  inert-,  se  in.  union  ica)  i  v.  These  1  .. 

values  cl"  mobility  may  be  due  to  the  remaining  iinplant.il  ion  damage  a-  well  is 

to  tiie  electrical  Jv  inactivated  Mg  urns  fact  ivat  ion  of  I  ii  ic-ncv  is  4  hi.  lor  a 
14  2 

dose  of  3  '  10  /  cm  )  at  an  annealing  temperature  o!  /50°C,  even  though  t  re¬ 

activation  is  at  a  maximum  at  this  temperature. 


3 


Depth  profiles  of  the  carrier  concentrations  and  Hall  mobilities  for  samples 

1 4  2 

implanted  to  an  ion  dose  of  1  •-  11)  /cm  and  annealed  al  various  temperatures 

1 4  2 

are  shown  in  Fig.  17.  The  LSS  profile  for  a  fluence  of  1  *  10  /cm  is  also 
shown  for  comparison  purposes.  It  clearly  can  be  seen  that  cite  dopant  and 
mobility  profiles  are  highly  dependent  upon  anneal ing  temperature.  The 
redistribution  of  implanted  Mg  ions  takes  place  well  into  the  damage-free 
region  at  an  annealing  temperature  of  7 50 °C  >'<-  above.  However,  the  position 
of  Lite  maximum  carrier  concentration  agrees  well  with  that  of  Lite  LSS  peak 
tor  the  samples  annealed  at  6.10,  75t',  and  S'hO°C. 

For  the  case  of  the  65e'C  anneal,  it  has  been  t  mind  that  the  dopant  profile 
agrees  well  witit  Luc  report  iona  1 1  y  reduced  LSS  profile  (be  a  factor  of  -4) 
in  most  of  the  implanted  region  except  for  Lite  deeper  region  near  the  sub¬ 
strate.  This  reduced  factor  of  -4  is  equivalent  to  the  electrical-uctivat  j.-.n 
efficiency  of  24%  for  this  sample.  This  may  suggest  that  most  of  the  implan¬ 
ted  Mg  ions  remain  as  implanted  but  that  only  an  equal  fraction  oi  ( he 
implanted  ions  become  activated  at  650'h':;  there  seems  t.o  he  no  major  ios:  et 
Mg  due  to  cutd  i  f  f  us  i  op.  .  Tin*  profile  also  indicate.,  that  the  implanted  i  so, 
,>re  activated  considerably  more  in  the  deeper  side  of  t  he  sample  at  lid-, 
anne.iiing  temperature.  For  the  ease  of  the  700°C  annua  1  ,  t  ho  profile  i.  li>w> 
verv  closely  the  LSS  profile  near  the  surface  region,  and  i he  com  ent ra l i an 
peak  eceuis  close  to  tue  surtace.  Most  activated  Mg  i-.-nx  r 1 1  r  i  c 1  i  i  in  Lit. 
implanted  region,  and  Lucre  is  iw  uv  idem  e  of  ind  1  f  (  u;-.  i  t.n  at  thin  .antea!  :  >  i .  • 
l  CT.peru  t  u  re ,  which  is  in  Contrast  t,  the  results  obtained  using  pel  ■)•••,  it 
caps.  It  is  interesting  U  note  lu.il  t!:e  Carr  ior  c  om  cut  r.it  i .  i  i : ,  in  I  i.c  I  - 1  - .  I ; 
region  arc-  higher  than  those  ol  L,.e  sample.-  time. tied  /  j'J'i:,  I  .  •  r  l  ' ,  c  ca.a 
cif  the  7f)0°C  anneal,  t  iic  profile  initially  follows  Liu-  theoretic. 1 1  curve 


cioselv;  then  it  is  nearly  flat  in  the  implanted  region,  and  it  exhibits 
significant  indif fusion  into  the  bulk  of  Liu-  sample.  For  the  case  of  the 
8t)0°C  anneal,  a  more  pronounced  peak  has  been  observed  along  with  a  long 
indiffusion  tail.  Evidently  both  uutdit fusiuti  and  indif fusion  take  place  at 
Litis  annealing  temperature.  The  variations  in  profiles  for  the  7u0,  7bU,  and 
30d°C  anneals  cannot  be  adequately  explained  at  present.  However,  similar 
behavior  was  observed  in  the  above  measurement  with  CVD  caps.  For  the  case 
of  Lite  650°  c  anneal,  the  profile  is  very  flat,  extending  very  deeply  into  the 
sample.  This  and  the  sharp  drop  in  electrical  activation  efficiency  indicate 
that  hot  it  .uitd  if  fusion  -aid  indif  fusion  are  very  significant,  .at  this  annealing 
Lemperature . 

In  general,  the  mobility  values  are  higher  near  the  surface,  decrease  grad¬ 
ually  with  increasing  cuiiiei  concentration,  and  then  increase  gradually 
until  they  decrease  again  near  the  substrate  region  at  all  annealing  tem¬ 
peratures  except  850°C.  For  the  case  of  the  830 °C  anneal,  the  mobility 
profile  is  quite  different  from  the  others.  The  Kali  mobility  is  much  lower 

h 

near  the  surface  than  tiic  buik  value  of  mobility  (  200  cm*'/  V*  see)  and  this 
mav  be  due  to  lattice  defects  such  as  dislocations  and  Mg  precipitates  which 
result  iron;  annealing  at  high  temperature. 

Depth  profiles  of  hole  concentrations  and  mobilities  fur  samples  implanted  to 
an  ion  dose  of  3  y  10^/cra^  and  annealed  at  750°C  for  different  annealing 
times  are  shown  in  "ig.  18.  Tile  double-peak  structures  were  observed  f  >r  the 
three  annealing  times,  and  the  profiles  were  I ound  to  he  highly  dependent 
upon  annealing  time.  It  is  interesting  to  note  Liiat  the  profile  ol  a  13- 
min.  jnno.il  is  quile  different  than  that  of  a  2-tnin.  anneal  through  mil  most 

j(> 


of  the  implanted  region;  however,  the  profiles  closely  resemble  each  other  at 
the  deeper  side  of  the  sample.  On  the  other  hand,  the  profile  of  a  30-min. 
anneal  closely  ’-esembles  that  of  a  2-min.  anneal  throughout  most  of  the 
implanted  region;  Itowever,  the  profile  of  a  30-min.  anneal  shows  more  indif- 
fusion  with  a  smaller  secondary  peak.  It  is  also  worthwhile  to  mention  that 
the  electrical-activation  efficiency  obtained  was  9.2,  9.9,  and  10.0%  for  2- 
13-  and  30-min.  anneals,  respectively.  This  indicates  that  most  of  the 
electrical  activation  occurs  even  after  annealing  for  only  2  min.  and  that 
the  activation  does  not  increase  significantly  as  the  annealing  time  in- 
c.  reuses . 

Measurements  With  _L a  set  <  >j  me,  ilitig 

Thus  far,  only  thermal  annealing  lias  been  discussed  as  a  method  to  remove 
implantation  damage  and  to  activate  the  implants  in  CuAs .  An  alternative 
method,  laser  annealing,  has  recently  received  a  great  deal  of  attention  in 
the  sLudv  of  ion- implanted  materials.  With  this  method,  annealing  can  he 
achieved  in  u  localized  area  without  encap.-ui  i  ants  within  a  very  snort  s  ime. 
Most  ol  the  work  on  laser  annealing  sc  far  has  been  done  on  an  cl  umcni.i  i 
sen:  i  condttc  t  or  such  as  Si.  and  many  successful  results  have  been  reported.  '  ' 

In  contrast ,  the  laser  annealing  method  lias  not  been  very  sno  ess  l  u  I  i  ••  dot  < 
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carried  out  using  a  Q-switched  ruby  laser  of  24-psec  pulse  duration  and 

2 

energy  densities  ranging  from  0,1  to  0.78  .I/citT  per  pulse.  The  irradiated 
area  was  '4  mm  in  diam. 

The  results  of  sheet-resistivity  measurements  as  a  function  ot  laser  energy 

are  given  in  Fig.  19  which  shows  clearly  a  threshold  energy  density  of 

2 

'0.3  J/cm“  above  which  the  sheet  resistivity  decreases  dramatically.  The 

resistivity  decreases  further  with  increasing  laser  energy  although  the 

condition  of  the  sample  surface  is  gradually  degrading.  Even  though  the 

resistivity  of  Mg-implanted  C'.aAs  is  reduced  significantly  above  the  threshold 

2 

energy,  mobilities  of  the  samples  are  very  low  (-30  cm  /V- sec)  compared  to 

o 

the  values  obtained  from  the  thermally  annealed  samples  ('150  cir~ /V- sec )  . 

A  typical  activation  efficiency  obtained  was  about  3G«  for  the  laser  energy 
densities  above  the  threshold  energv. 

3.4  ELECTRICAL  PROPERTIES  OF  Ge- IMPLANTED  C.jAs 

he  Single  Imp  ljutat ion 

Germanium,  like  Si  .and  Sn,  is  known  to  he  an  amphoteric  dopant  in  GuAs.  It 
has  been  widely  used  as  a  dopant  in  epitaxial  layeis  of  CaAs ,  and  the  Lvpe 
of  electrical  conductivity  .corns  to  depend  upon  tin-  crystal -gi  owl  h  ineci.au  i  sm. 

I  ■) 

Vapor-phase  up  j  lax  in  1 1  '•  (VPE)  grown  Ce-dopod  GaAs  yields  an  n-tvpc  t  on- 

duct  iv  i  l.v ,  whereas  J  i<|uid-piiase  epi  Laxial  i\  (LPE)  grown  1  A—  doped  •.  icld-. 

a  p-type.'^  Moreover,  mo  1  eeuinr-beai:'  epiL.ixin  i  I  y  grown  Gc-d.>ped  CaA  .  v  i  o  I  ds 
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I'igure  19.  Dependence  of  Sheet  Resist,  ivi  tv  upon  Laser  Annealing,  Knot 
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used  in  producing  ohmic  contacts  to  n-type  GaAs  and  lias  also  been  utilized 

26 

in  tl'.e  !  abr  ica  t  ion  of  p/n  junctions  bv  molecular  beam  epitaxy.  However, 

very  few  studies  on  the  electrical  properties  of  Ge- implanted  GaAs  have  beer. 

reported.  To  the  best  of  our  knowledge,  we  presented-'  Lne  first  published 

results  concerning  the  amphoteric  behavior  in  the  electrical  activity  cl  Ge- 

28 

implanted  GaAs.  Previously,  Surridge  and  Sealy  reported  n-type  activity  ot 

13  15  2 

Ge- implants  for  doses  ranging  from  1  -  10  to  1  -  10  /cm  ,  using  aluminum 

caps  and  semi-imsuiating  epitaxial  GaAs  (n-type  with  n  ‘  10^Jcx^). 


The  implantation  was  carried  out  at  an  enurgv  of  120  keV  with  Joses  ranging 
from  5  >'  104-  to  3  -  10  /cm-  at  room  temperature  in  semi-insui  at  ing  Cr-doped 
GaAs.  I.PK-grown  undoped  n-type  (n  -  1(2  “  •  cn2)  GaAs,  and  Vl’li-grown  undoped 
n-type  (n  •-  Il2^;cn2)  GaAs .  After  implantation,  the  samples  were  encap¬ 
sulated  with  a  1000-A  laver  of  Si-N,  deposited  pvrolvt  ica  I  1  v  at  /dirt.  iiie 

i  4  ‘ 

Si.^N,  films  adhered  well  during  annealing,  except  til  y5t)cC,  where  a  lew  pin 
holes  appeared  for  the  two  highest  doses. 


The  electrical  behavior  of  Ge  implants  in  semi -insula Ling  Cr-doped  GaAs  is 

very  complicated,  producing  both  p-  and  n-ivpe  activity  depending  upon  both 

t. lie  ion  dose  and  the  annealing  temperature.  For  doses  ul  or  below  1  -  iU 

cm-,  the  implanted  layer  is  p-Lype  at  annealing  temperatures  up  lo  ‘i'Ai'A:. 

Foi  Joses  at  or  above  1  •  1 <2  J/cn2 ,  the  implanted  layer  is  n-  ,<e  .it  all 

!  ■'*  * 

annealing  temperatures.  For  an  ion  dose  of  3  ■  Id  /cm-,  t  vpe  convcrsiou 

occurs  from  p  to  n  between  90U  and  95i F'C.  Inis  behavior  is  in  :  out  rast  l  > 

the  n-t  vpe  act  ivitv  5  nr  all  doses  reported  bv  Surridge  and  to..!.'  and  is 

29 

unlike  that  ol  implanted  silicon,  which  produces  only  n-type  a.  I  i  v  i  t  \  . 
This  dose-dependent  amphoteric  behavior  has  a! so  been  observed  in  Lw.  ol  her 
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substrates  (LPE  and  VPE  grown)  implanted  with  Ge  ions  to  doses  of  1  *  10^, 
1  x  1()U,  and  ]  r  10Ij/cm2. 


The  results  of  electrical  measurements  made  on  semi-insulating  Cr-doped  CaAs 

12  J  5  2 

samples  implanted  with  Ge  to  ion  doses  ranging  from  5  '  10  to  3  >  10  /cm~ 

and  annealed  at  various  temperatures  are  shown  in  Elg.  20.  The  anneal 

behavior  of  the  sheet-carrier  concentration  indicates  that  for  samples  having 

Id  2 

an  ion  dose  of  3  *  10  /cm  ,  the  electrical  activity  increases  monotnni- 

cally  with  anneal  temperature.  The  highest  electrical  activation  offieienct 

obtained  was  38%  for  an  ion  dose  of  1  ■  hi  'em”  and  annealing  at  950°C  for 

15  min.  Below  850°C  the  electrical  activity  is  verv  low  tor  samples  having  an 

13  2 

ion  dose  of  £  ]  x  ] 0  /cm  ,  although  dellniLe  p-type  conductivity  becomes 

apparent  at  around  750°C.  For  samples  implanted  to  an  ion  dose  of  )  •  hi' 
a 

cm“,  the  electrical  activity  increases  gradually  with  anneal  temperature, 

yielding  the  highest  activation  (-112)  at  -830eC,  and  then  decreases  at 

higher  anneal  temperatures.  The  anneal  behavin'"  for  an  ion  dose  o!  3  '  1  ()'"'/ 

2  1^2 

oRi  is  similar  to  that  for  1  ■  10  ■  cm  up  to  900 "C.  However ,  t  iie  elect  ri.  a  I 

act  i  vat  ion  drops  sharply  (to  0.5%)  at  9M)'C,  accompanied  hv  ;  induct iv  i  t v  i  vpe 
conversion  (indicated  by  dashed  lines  in  the  ligurel.  Tor  the  two  highest 


doses ,  tiie  electrical  activity  increases  with  anneal  temperature,  but  the 


samples  having  an  ion  dose  of  1  '  10^^/cm 
small  (p  =  187  cm" /V- sec  lor  capping  only 


,  although  the 
2 

and  0.15  c'rrT/V- 


mobilities  are  very 
see  l’or  as- implanted 


samples)  . 


The  anneal  behavior  of  the  carrier  mobility  indicates  that  the  mobility 
increases  with  anneal  temperature  for  samples  having  doses  o  f  _  i  -  lil^/cm”, 
which  implies  that  the  lattice  damage  caused  by  ion  bombardment  is  appre¬ 
ciably  reduced  with  increasing  anneal  temperatures.  However,  the  moiilitio- 

14  2  ’ 

of  samples  with  an  ion  dose  of  3  ■  10  /cm  remain  low — below  - 10  cm” /V* see — 
with  t lie  sample  remaining  p-type.  The  mobility  increases  with  anneal  tempo-., 
lures  up  to  850°C,  levels  off,  then  increases  sharply  .it  an  anneal  tempo  .it  nr 
of  950°C ,  becoming  n-lype  as  indicated  by  the  dashed  line.  The  low  value  m 
mob  i  1  i  t  y  at  tii  is  dose  may  be  caused  by  high  electrical  camper..-..:.  1  .  The 

mobilitv  anneal  behavior  of  n-type  layers  is  different  from  that  of  p-iype 
layers.  The  mobilities  for  the  two  highest  doses  remain  essentially  cons’,  ant 
for  all  anneal  temperatures.  The  slight  decrease  in  mobility  above  lM0c(;, 
although  accompanied  by  increasing  activation,  may  he  som.ewli.it  related  t  .• 
lattice  defects  created  during  the  high- temper a Lure  aiv.H-ai. 


In  Fig.  41  the  sheet-carrier  concentr.it  ions  and  Hall  m  bi’.ilies  are  .-■m  ii> 
plotted  .is  function  of  ion  dose.  The  data  tor  the  K-JO  i:  .cincal  ai.-  vet  . 
similar  to  those  for  the  750°C  anneal  and  have  been  omitted  for  the  sake  "I 
clarilv.  Tne  amphoteric  nature  of  (,c  implants  in  C.a.V.  ••  ,  a  fun.  i  ion  oi  i- 

dose  can  he  clearly  seen  in  this  figure.  The  trend  in  activation  el  I  :■  i  ••n.  \ 

■.  (  si.ee  t -i  rr  i  e  r  .a  >nc  i’ll  t  r.  1 1  i  i  >n  divided  hv  icii  dose!  a-  a  tun.  I  ion  .-I  l  Imu.  i1 

can  He  observed  iiuii.  this  figure  by  comparing  the  slope.-,  oi  iia-  N  line--,  w  i  t  i  • 

the  slop,  of  tiie  1 00%-. «c  t  ivat  ion  line.  I’p  to  a  dose  o!  1  •  I  0  *  <  cm  , 
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Figure  21.  Dependence  of  Sheet -Currier  ( oneent r,u  i on  (N^) 
and  Hall  Mobility  (i’p)  upon  Ion  Dose  ( -j- )  !'>r 
(iuAs  i  (ip. . 
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activation  elficiencies  remain  relatively  constant  except  tor  the  950°C  anneal. 
14  ? 

Above  1  ■  10  /cm“,  n  decreases  appreciably  and  tiien  drops  sharply  near  the 

type-conversion  dose  level.  It  is  interesting  to  ttotc  that  tor  the  950oC 
anneal,  1  begins  to  decrease  at  lower  doses  and  type  conversion  occurs  sooner 
than  at  ether  anneal  temperatures.  Once  the  samples  have  become  n-type, 
activation  increases  with  ion  dose  at  all  anneal  temperatures.  It  can  also 
clearly  be  seen  that  the  mobility  decreases  monotonicall y  with  ion  dose  at  all 
anneal  temperatures  before  the  conversion  to  n-type  occurs,  and  a  mobility 

1 4  j 

minimum  is  evident  at  a  dose  of  3  •<  10  /cm”,  except  for  the  9 5 0 0 C  anneal. 


Even  though  no  adequate  theory  is  available  to  explain  our  experimental 
results,  the  general  electrical  behavior  suggests  that  in  samples  oi  lower 
Cose  and  anneal  temperature,  the  imp.1 anted  he  ions  go  into  As  sites  preier- 
entialiy,  producing  p-type  activity.  As  the  he- ion  dose  and  anneal  temper¬ 
ature  increase,  increasing  numbers  of  he  ions  go  into  ha  sites,  raising  the 
compensation  level.  At  even  higher  doses  and  anneal  temperatures,  more  he 
ions  go  inti.'  ha  sites  titan  into  As  sites,  producing  n-type  activity;  the 
■„  ompons.it  i  on  level  still  remains  high.  There  is  a  possibility  that  defect  a 
such  as  As  or  ha  vacancies  (both  intrinsic  and  extrinsic  due  to  high- 
tempctalure  anneal)  influence  the  electrical  activit;.  ,  especially  in  the  ca-.c 
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Ge  and  Ga  Dual  Implantation 


The  influence  of  dual  implantation  of  Ge  and  Ga  on  the  activity  of  Ge  in  GaAs 
has  been  studied. ^  Heckingbot tom  and  Ambridge^  proposed  on  the  basis  of 
solid  state  chemistry  that  if  stoichiometry  of  GaAs  is  maintained  bv  implan¬ 
ting  quantitatively  matched  dual-ion  combinations,  an  enhanced  electrical 
activity  compared  with  a  single  implant  should  he  obtained.  However,  since 
amphoteric  dopants  will  preferentially  occupy  a  site  associated  with  either 
of  the  sublatt ices,  the  effect  of  the  dual  implantation  of  the  Ge  is  ex pm  ted 
to  be  more  complicated  than  that  of  the  dual  implantation  with  Group  II  and 
VI  dopants  of  the  periodic  table,  for  which  the  dopants  will  almost  exclu¬ 
sively  locate  on  one  of  the  sublattice  sites.  In  apite  et  toe  comp l ic.it ed 
nature  of  the  compensation,  the  addition  of  Ga  to  G.iAsjGe  i»  expected  to 
lower  the  probability  of  Ga-site  occupancy  by  tne  Ge  ions  and  to  encourage 
As-site  occupancy.  In  tills  way,  the  compensating  effects  produced  bv  both 
tvpe  of  carriers  will  be  reduced  and  p-type  activity  will  be  greaLer . 

The  dual  implantation  was  carried  out  sequential  ly  at  an  enct'gv  os  J  JO  keV 
with,  doses  ranging  1  rom  1  >  10  to  3  ■  Ju  loiis/cm  at  room  temperature  in 

semi -insulat  iilg  Cr-doped  GaAs.  The  doses  •>:  liie  dua  !  imp  1  ants  were  equ.i  1  ia 
each  instance.  After  implantation,  the  samples  were  encapsulated  • .  ills  a 
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Simi  iar  >;.■;]  ium  arsenide  control  samples,  implanted  wit!-,  the  sar.u*  Jesej  oi  ('.i 
.iloik-,  wore  also  prepared,  annealed  a!  various  Lemper  a  l  u  res ,  and  otherwise 
prepared  by  Lhe  same  procedures.  The  test  samples  did  not  show  appreciable 
electrical  activity,  and  in  most  cases  no  Hail  ei loci  could  be  determined . 
Figure  22  shows  Lire  variation  of  surf  ace -carrier  concentration  and  r.wbiiitv 
for  several  doubly  implanted  doses  .is  a  tune  Lion  of  the  anneal  temperature 
')  , .  These  results  indicate  that  the  implanted  laver  produces  n-tvpe  act  ivi  t  v 
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temperature .  We  believe  this  general  tendency  toward  decreasing  activation 

with  anneal  temperature  may  be  due  to  increasing  compensal i on  as  the  samples 

approach  conditions  for  type  conversion  indicated  b\  the  dashed  I  ittes.  "it 

suould  i>L-  iiCLCii  that  the  addition  ..f  il.i  delay.-  p-  to  n-lype  «. .  ave  rs  h  -n  i  .>  tin 

two  highest  doses,  compared  with  singly-implanted  t.e  wirich  converts  at  t  no 
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hign  1,  range  o!  tin.*  3  •  10  ;  cm  dose. 


The  amu'.'i  !  behavior  of  tiie  mobility  shown  in  Fig.  22  is  also  determined 
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me.hi  lilies  can  be  attributed  to  a  high  degree  of  compensation  which  increases 
as  tin’  sample  approaches  the  doses  for  which  type  conversion  occurs.  After 
type  conversion,  the  mobility  increases  rapidly  toward  values  representative 
of  n-tvpe  mobilities,  and  then  increases  further  with,  T  as  the  carrier 
balance  shifts  increasingly  to  n-tvpe  carriers. 
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give  activation  efficiencies  up  to  26%.  At  the  higher  anneal  temperature  of 

13  2 

950  °G  and  dose  1  •  10  ,'cm  ,  where  the  single  Ge  implant  has  its  highest 

activation  of  38%,  the  dual  implants  yield  a  maximum  efficiency  of  l  % ,  In 

14  2 

Fig.  25,  the  dose  of  3  *  10  /cm  shows  the  greatest  enhancement  of  p-tvpe 
activity  by  a  factor  of  8  at  anneal  temperatures  of  750°C  or  below.  It  is 

interesting  to  note  that  for  the  two  highest  doses,  the  n-type  activity  of 

the  single  Ge-implant  is  inhibited  by  the  addition  of  tia.  The  single  Ge- 
implmu  converts  to  n-type  at  tile  higher  T,  range  of  the  j  •  10'"* /om~  dose 

and  is  n-tvpe  at  all  T  for  the  two  highest  dose.-, .  The  dual  implantation 
does  not  yield  n-type  activity  at  the  two  highest  dose  levels  until  after 
high-temperature  anneal  ul  950 °C  or  above. 

A  compar  i  son  of  mobilit  ies  for  low  doses  in  Fig.  .1  «  si.. -w-.  geiu-r.i  I  !  .ini  In' 

behavior  for  the  single  and  dual  implants.  At  the  lower  .much  temperature.-, 

mobilities  of  the  dual  implants  are  somewhnL  higher,  hut  ai  Liie  highest  T 

they  are  comparable  to  L  lie  mobilities  of  Lite  single  (ie-  implanted  sample:,.  I 

Fig.  25,  mobilities  are  similarly  compared  for  the  three  highest  dose:..  !’- 

14, 

l  vpt  nobilities  can  be  compared  on  1  v  lor  Ll;o  dose  3  •  !0  on:  .  Up  to 

V  ( M.)  °  <  j ,  the  dual  i  nip  J  a  nl  a  L  ion  shown  some  impiovemeiil  at  mob  i  I  i  t  y  ■n,i'i  lie- 

single  Implantation,  although  mobilities  are  very  low  in  this  region  dm  t  ■ 
coiiipe:i:.u t  i oil ,  ,:e.  pointed  out  previoii-.lv. 
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of  As  to  CaAs:Ge  is  expected  to  lower  the  probability  of  As  site  occupancy  by 
the  Ge  ions  ad  to  encourage  Ga-site  occupancy  and  hence  n-tvpe  electrical 
activity. 

The  dual  implantation  was  carried  out  sequentially  at  an  energy  of  120  keV 

13  15  a 

with  doses  ranging  from  1  «  10  to  3  x  10  /cm  at  room  temperature.  In 

each  case,  equal  doses  of  both  Ge  and  As  ions  were  implanted  into  GaAs. 

After  implantation,  the  samples  were  encapsulated  with  ldOO-X  layer  of 

Si,N,  it  '700°  C  in  a  pvrolvtic  reactor.  During  annealing,  the  samples 
3  H  ' 

rested  cap-side  down  on  bare  GaAs  substrates  in  order  to  Improve  the  perform¬ 
ance  of  the  caps.  lit  this  way,  the  caps  held  very  successful  lv  at  temper, i- 
Lnres  as  high  as  1000 °C,  and  no  sign  of  surface  degr.id.it  ion  eouid  hi  observid. 
Witliout  the  additional  protection  provided  by  the  bare  GaAs  substrate,  the 
caps  were  found  to  deteriorate  significantly  due  to  As  outdif fusion  during 
nnnea i ing . 


The  results  of  electrical  measurements  made  on  sen  1  -  i  nsu  1  a  l  i  ng  Cr-ih>ped  i.aA 

*  ]  3 

samples  inrrlun  Led  with  hoLh  Ge  and  As  to  toe,  doses  ranging  t  i'om  i  •  H*  i.. 
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for  samples  annealed  at  800 °C  or  below.  The  highest  electrical-art ivat ion 
efficiency  obtained  from  the  p-type  samples  was  bO'i  for  a  dose  of  )  >■  10^/cm 
at  950r'C  anneal;  the  highest  obtained  from  the  n-tvpe  samples  was  24%  for  a 
dose  of  3  r  10 1  /cm"  at  1000°0  anneal. 

Similar  GaAs  control  samples,  implanted  with  tile  same  doses  of  As  only,  aiso 

have  been  measured.  These  test  samples  did  not  exhibit  appreciable  electrics 

activity,  and  in  roost  cases  no  Hall  e  ttect.  could  be  determined .  Several  high- 

15  .  2 

dose  (>  1  >'■  10  /cm  )  samples  exhibited  some  p-type  electrical  activity,  .it 
least  one  order  of  magnitude  below  that  measured  for  the  corresponding  du.il- 
implanted  samples. 

The  annealing  behavior  of  the  Hall  mobility  indicates  that  the  mobility 

increases  with  annealing  temperature  I  or  p-type  samples  having  doses 
1 3  2 

<  3  *  10  /cm  .  However,  the  mobility  <>1  n-i.vpe  samples  having  an  ion  dose 
1 4  2 

ol  3  >:  JO  /cm"  remains  significantly  low  at  annealing  temperature.-,  of  .Sb()°C 
or  net  low,  increases  to  90‘JoC,  and  then  decreases  slight!;,  with  nme.i  I  j  ay 
temperature.  The  low  value  of  mobility  below  for  this  dose  iii.o.  In  dm 

to  high  electrical  compensation  under  condition.:  where  t  ype  ..Olivers  jot.  iias 
taken  place.  The  mobilities  for  tin'  two  highest  doses  remain  essen!  iallv 
constant  at  all  annealing  temperatures. 

The  sheet-carrier  concent  rat  I  on  ;  are  plotted  next  as  a  I  an-  lion  .1  ion  dose 
lor  samples  annealed  at  three  diilerenl  l empe  ra l  n  r  ■  ■  -  In  lij.  .'  ,  and  I  ! .  • 

e  I  Cl  l  r  I  1  I  I  ■  |.  t  1  V  1 1  1  oi  I a  I  e  i  i  unpa  I  ed  v.'  i  l  ii  !  <1*  I ,  .n  t  i  V  1 1  i .  si  i  il  l  i  •  a  !  i  .  i .  .  tin 
nir.il>', lit  line.  ihe  data  lor  other  .nine  a  1  i  up,  i  eiu|ai  a  ■  nr a--,  sow  v:  i  .  similar 
Variation.  and  have  In  i  ■  n  i  mi  1  L  Led  lor  c.  )  a  r  I  L  J  .  The  si  1  id  and  d  a  ■  ,1  u-il  M  m  ■  , 


representing  p-  and  n-fype  activity,  respectively,  clearly  show  the  anrptioter iv 

nature  oi  he  in  GaA.s.'Oe  +  As  as  a  function  of  ion  d  iso.  In  general, 

electrical -activation  efficiencies  are  highest  for  most  anneal  t eiapeiaiures 

13  2 

at  a  dose  of  3  x  10  /cm  ,  where  the  conductivity  is  p-Lvpe.  Al  a  dose  oi 
11  .  2 

I  ■  10  ,'cm  ,  the  conductiv  i  tv  type  converts  to  n-tvpe,  and  a  scarp  crop  in 

activation  et f iciency  occurs.  The  activation  e: I iciencies  for  a  dose  of 

]  4  2  1  4  2 

3  ■  10  /cm  are  ahouL  the  same  as  that  lor  a  dose  oi  1  '•  10  /cm  at  tae 

annealing  temperatures  shown.  These  dramatic  decrease-  i..  act  i vat  i.>n  c>  fi- 

1.  ! 

ciciicies  in  tae  intermediate  dose  range  oi  1  ■  I  n  to  3  •  1 0  .'eit.  n.a\  ;k 

due  t  ..■>  high  electrical  self-vorponsal  ion.  Beyond  the  t  vpe-conversion  do.-e 

level  ,  l:»e  activation  of  fie  iem.  its  increase  sign  ilk  ant  j  y  with  ion  do-.e  on! 

1 3  2 

arc  highest  at  •  cose  of  1  10  /cm  tor  n-tvpe  a«  I  ivil\  at  nra  annea  i  i  :u-. 

t  einper.at  urcs . 


The  shcct-carrier  i  .»k.  euUul  ion  .and  nobility  are  plotted  as  a  t  mi.a  ion  •■! 

annealing  temperature  in  figs.  28  and  20  lor  eacii  dose  of  the  dual  impl.ui:.-. 

of  i.e  and  As,  together  with  the  ioiiip.ir.iMc  variation  for  s  i  ng  1  y  iiiipi.ini  eu  m  , 
13,2 

lor  doses  3  10  ;  cm  ,  the  ..nnc.l  i  ing  neli.vii  O'.  s.UiOL-n.ari  ini  •.oliceiiLi 

I  ton  and  mol)  i  I  i  LV  inr  single  a. id  dn.i  I  imp  I  u.l  ■  '!  t  .he  same  d-'se  shoes  : .  i  l.i  i  I  . .  1 

trends.  AlLhougii  the  add  i  t  ion,,  i  implantation  o|  ,\s  into  i.a.V.:,-e  in  t  hi  - 

close  ran  ill-  general  I  v  has  I  i  '■  Lie  el  led  upon  elect  r  i  ■  .  i  I  act  iv.it  ion,  i  1  led 
to  no  t  i  i  call  I  v  reduced  mobilities.  This  real:  is  somewhat  e.irpi  i  si  up.  .in,  i 
tl  u.l  1  i  nip  I  an  t  s  o  I  he  t  As  u re  ex  jus  l  oil  ;  .  ■  r  ■  sii  I  t  in  i  i  edit.  l  i  .  ■  1 1  ui  ;  ■  —  i  .  i  ■  ■ 

.  I.  t  i  V  i  I  .  .‘.in  n  (let  re.i  '.n  ill  p-t  vpe  a.  t  iv.il  Sot:  !>v  dual  in, pi. u.l  it  i  •  -1 1  :■  .  •  .;i  I 
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It  siiould  lie  pointed  out  that  the  above  results  of  dual  implantation  wit  i; 

Go  +  G.i  u  these  dose  levels  show  comparable  mobilities  and  p-t\pe  eli'iiiii 

activac  ions  significantly  enhanced  over  those  observed  for  single  t.e  impl.u: 

1  -4  ,  2 

tatioU.  lei  an  ion  dose  ot  1  1  0  /cm  ,  t  ae  cl  I  *.n  c  oi  uual  i  mp  i  hi:'.  a  L  ie:i  i 

very  dramatic.  The  p-type  conductivity  of  tie  single  implants  is  changed  i  o 
n-Lype  ...  the  dual  implantation  of  C.e  +  As,  and  electrical  ;u  t  i  va :  i..i;  is 
reduced  significantly  due  to  seif-compensation.  figure  2'J  shows  that  t  he 
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is  increased  by  about  one  order  of  magnitude.  However,  mo;>i  ’  i  i  ies  are 
u die r  a  i  !  y  '  e  J  o c e  J  o',  a  !  .  i .  lor  '  '  Is*  L  o i  d Oa  .  i  .iij .  i  ,  a.  t . .  i  l  . .  i  e  . .  ■  ■  a  i  e\  c 


1.5  Kl.KC  FR1CAI.  PROPERTIES  OF  CARBON  !>U.M.-  IMPLANTI;!)  (la As 


Al  Lliougii  carbon  is  known  to  he  an  ampiio:  eric  dopant  in  t.iA:;,  both  imi- 

.5  3- d  5  ,  ,  ,  ,  h>  ,  . 

implanted  anti  convent  lona  I  I  y  iln'eu  %.  et.I.ieiL  p-  i  vpt  c.nnbici  i  v  i  i 

3  3  .  .  ,  , 

a  prcv  i  on:;  invest  lgai  ion,  ll  w.i  ;  d«Mi:..ns-.i  jmi  e«:  In.l  ellicu.ii  i- i  pi  pin 
can  He  .jehieved  by  G  -ion  i.iij.i  ,*i.  I  .it  ir-n  in  l-.iA  •  uiuiei  appro;:!  i  .  |  o  ...,iu  .  i  I  i  c . 
eoiid  it  i  i  *  1 1 1 ,  Tin.  i  a  l  e  imc  I  i  or.  el  implanted  '  - 1 1  ■  ■  m  .  and  res i  In  i  '  dmip'-  ,  ,  ■  s  i  ,  • 
during  annealing  were  pr  imn  r  i  I  t  all  riliiiLtil  to  i  ht  I .>wei  i  in1,  u!  l  lie  na- 
Carrier  .  "i  M  o  i :  L  I  a  l  i  ■  •  I ;  .  I  or  I  la;  I  I  O  ,  a  si  alii  e  ■  ■  ii:|  ■  I  •  '  ''|H  ,  1  |„  i  ■  •  i  .  I 
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active  centers  with  an  increase  in  impurity  concentration  nas  been  suggested 

37 


as  another  possible  source  of  reduction  in  "apparent"  doping  efficiency. 


31 


As  stated  earlier,  Ileckingbottom  and  Anth ridge  have  proposed  that  Lhe  dopii 


efficiency  of  ion- implanted  binary  semiconluc tors  such  as  GaAs  may  be  improved 


38 


by  dual  implantation.  In  this  study,  dual  implantation  w,is  examined  as 


means  of  improving  p-tvpe  conductivity  in  C  -inn-implanted  GaAs 


The  substrate  wafers  used  were  Cr-doped  semi-insulating  GaAr 


)  L  *.l  i  il  Sti  I  1'l.Mli 


Laser  Diode  Lab. ,  Inc.  Samples  were  implanted  with  C  ions  at  an  energy  oi 


60  keV.  In  the  case  of  dual  implants,  the  Ga  ion  was  selected  and  impJ anted 


at  130  keV  prior  to  the  C  implantation.  Samples  were  implanted  to  a.  dose 


)l"  101  4  ions,  .a"  (.for  both  C  and  on  )  using  jon  cuiTl  at  Cu  ::s  it  ;e- 


-30  nA/cir." .  Samples  were  encapsulated  at  700*0  with  1 000 -A  iavc-r.s  oi  Si  N, 

3  "• 


,L 


using  the  CV.’J  technique.  For  control  samples,  Ar-implnnted  (130  keV,  10  ,  an," 

or  unimplantecl  samples  were  encapsulated  and  annealed  under  the  conditions 
described  above. 


Table  6  is  a  summary  of  electrical  data  obtained  on  various  samples  annealed 
aL  700°C  for  15  min.  At  this  anneal  temperature  lhe  sheet  re.;  i t  i  v  i  t  y  o  I 
both  the  C+  single  implant  and  the  (Ga"*  +  C+)  dual  implants  was  two  to  three 
orders  of  magnitude  lower  than  that  of  either  Ar  -implanted  or  un implanted 
samples,  On  these  latter  samples,  it  was  not  possible  to  •  bL.iin  a  Hail 
voltage.  The  significant  result  is  1  hat  the  sheet-hole  i on<  enl  rat  ion  ( i'  )  < 
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TABLE  6 


SHEET  RESISTIVITY  ,  EE  EEC!  I  Vi'.  HALE  MOBILITY  ANT)  THE  SHEET- 

FOR  VARIOUS  SAMPLES  ANNEALED  AT  700  C  I'Ok  J  3  i!l; 

KOOM  TEMPERATURE  TO  A  DOSE  OF  ICC4  cm' 
kcV;  FOR  Cr  IMi’i.ANi  ,  60  kc\ 


CONCENTRATION  Ps 
\ 1 MPI.ANTS  WERE  PERFORMED  AT 
FOR  UC  ami  Ar-1"  IMPLANTS,  E  = 
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TABLE  / 


COMPARISON  OF  ELECTRICAL  PARAMETERS  FOR  SINGLE  AND  DUAL  1 MPEANTS 
ANNEALED  AT  900 °C  FOR  15  MIN.  (IMPLANTS  WERE  PERFORMED  Ai  ROOM 


T KMPEKATURE  TO  A  DOSE  OF  101*  cm  1 .  FOR  THE  Ca+  1 MPLAN 


E  =  120  kcV ;  FOR  THE  C 
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additional  samples  annealed  at  900°C  for  15  min.,  the  sheet -hole  concentration 


1>  -2  ]  3 

■■v'ere  9.5  >■'  10  cm  for  the  single  implant  and  1.23  •  Id  cm  "  for  Llie  dun 


implants . 


In  order  to  examine  the  900°C  annealed  sample  in  more  detail,  the  elcctrn al 
profiles  shown  in  Fig.  30  were  obtained.  The  profile  integrity  of  the  dual 

implants  is  much  better  than  that  of  the  single  implant,  boll:  being  compared 

+  1 5  ~3 

to  the  LSS  C  profile,  A  peak  concentration  of  -20  -  10  cm  was  obtained 

in  the  dual  implants.  The  profile  was  further  analyzed  to  obtain  eifectivi 

values  of  the  sheet-acceptor  concentration  ( N  cm  “)  and  the  sheer  concent r.i- 

^  ) 

Lion  of  the  total  ionized  impurity  (N, ,  cm  “).  The  effective  compensation 

X 

ratio  is  deiineri  as  K  -  (R^  -  Nj)/N^  (the  hasir:  analysis  technique  is 

35 

described  elsewiiere  ).  The  results  are  summarized  ia  Table  7.  hi  view  of 

the  difficulties  encountered  with  the  use  of  other  measurement  techi: i ques 

(such  as  Auger  or  even  SIMS  analysis)  at  Llie.se  doping  levels  (i.e., 

14 

<  10  cm  ),  the  present  analysis  technif|uc  is  believed  to  hr-  usetui  in 
generating  meaningful  results  in  the  CaAs  jon-imp-antal ioi;  studies.  The 
results  of  the  profiling  analysis  will  he  discussed. 


Tlie  fact  that  the  electrical  efficiency  of  the  dual  implant  is  Id/ — higher  !.■*. 
a  factor  of  -3  tlian  that  of  the  single  implant  when  annealed  at  nn!v 
is  quite  encouraging.  Furthermore,  the  electrical  efficiency  of'  the  Ju.i 
implants  annealed  at  700aC  is  comparable  to  that  »>1  tin-  single  implant 
annealed  at  9()D°C.  The  dual  implants  arc  expei  Led  t  >  vie!  J  i,  igbei  .h-p  i  hi- 
efficiency  than  the  single  implant,  '-von  at  low  annealing  temperatures.  ^ 

At  a  higher  annealing  temperature*  (9f)U,(.),  this  trend  ,  .-u  t  i  uucs .  At  Viio'c 
Llie  elecLrical  efficiency  of  the  dual  implants  is 


H  3 


The  profile  analysis  of  both  samples  at  VOO'T.  indicates  t  i  •  :a  l  the  sheet -hole 

concent  ration  P  is  lower  than  the  calculated  effective  a,  copter  .Miuontr.i- 
s 

tion  N  (see  Table  7).  If  N  is  assumed  to  be  Lhe  number  ('I  subsi  iLutionai 

A  A 

C  atoms  in  As  sites,  then  C  atoms  of  only  18,1  for  single  implants  and  bOl  i 

dual  implants  will  be  incorporated  for  the  900°(1  annealed  samples  and  t!ie 

remainder  of  the  implanted  C  atoms  cannot  be  accounted  for.  (Uni ike  Lb, is 

result,  the  10^  C+/em“  implantation  in  the  previous  studv^  indicated 

almost  complete  substitution  of  implanted  t';  the  difference  between  I  0*  cr 

LA  -  ’ 

and  .10  cm  samples  suggests  strong  dose-dependent  annealing  ci:ni\i«  L>  r- 


isties.)  Annealing  mav  induce  outd it  fusion  ol  implanted  t  atoms  in  the 

implanted  region,  and  encapsulation  mav  play  a  significant  role  in  this  c.n 

......  .  +  ... 

Hvivover,  in  Uol.  two  lack  o!  dll  iiisnv.i  m  l \ic  C  pra!  Mrs  was  run  t  1 

This  outd if  fusion,  if  it  is  occurring,  must  be  related  la  implant  damage. 
Some  of  tiie  implanted  C  atoms  may  occupy  the  (.a  site  (or,  less  probably,  1 1 
interstitial  site)  and  form  electrically  compensating  (or  inactive)  center.- 
However,  tiie  value  of  the  compensut  ion  ratio  (K)  is  about  the  same  lor  i  ;u 
single  and  the  dual  implants,  while  N  is  higher  for  the  dual  implants  that 
for  the  single-  implant.  This  suggests  tli.it  "so  1  I  -compeusul  ion"  mav  be  tin 
predominant  mechanism  responsible  lor  the  lowering  o!  electrical  ei !  ic  iein  - 


not  an  uncommon  procei- 


in  wide-band-gap  hin.urv  seni  i ,  einl i m  l  . 


implants,  therefore,  appear  to  create  a  hotter  annealing  env i ronmenl  and 


minimize  outd  i  f  ft.sion  (and  perhaps  redistribution)  ;■!  dome: 


ule  to  the  (;  doping  process.  In  ibis  way,  tiie  m.iioril  y  ol  tin-  i :  i  ■ ,  - 1  n:'.  mi  i 


may  .ccupv 


s u b s  t  i  t  u  t  i  o 1 1 a  1  As  s  i  l  c  s. ikI  ln-c one  e  I  o.  i  -■  j .  ill  ..olive 


accent or  centers  m  Cans. 


Section  4 


TRANSMISSION  KUioiRON  MI  CIS' SCO!’ V  (HIM) 

TKM  studies  oi  several  implanted  CIuAs  samples  made  dur  Lng  the  last  year 
resulted  in  the  following  important  observations: 

1.1  Si^- IMi’l.AN  i T'.I)  Cr-DOPIID  CaAs 

A  Cr-doped  CaAs  single-crystal  pol  i.siied  wafer  having  e  1 00>  or ient.il  ion  was 
+  15” 

implanted  with  Si  ions  to  a  dose  oi  1  ■  1 0  ,  era  at  12u  keV  o.t  room  tempera- 

Lure.  Thin  foils  for  TliM  observations  were  prepared  by  jet  polishing,  using 
a  bromine -no t isnuol  solution  as  described,  earl  ier  (40).  A  typical  electron 
micrograph  and  the  corresponding  selected-area  diffraction  pattern  obtained 
from  an  Si+  ion- implanted  specimen  are  shown  in  i:ig.  31.  The  foils  contained 

C 

a  hifth  density  uf  b.i.aek  spots  vjih  an  average  size  of  bO  A.  The  majority  oi 
them  exhibited  black-white  (B-W)  contrast  and  a  few  exiiibited  double-arc 
contrast .  The  selected-area  dit fraction  pattern  revealed  the  presence  of 
extra  reflections  (marked  by  ’  in  the  schematic  diagram)  resulting  iron: 
precipitates.  The  d-spaeings  corresponding  L<>  the  extra  reflections  A,  H, 
and  C  can  only  be  matched  with  (210),  (121),  ana  (3-12)  planes ,  respective! v , 
of  SLAs  which  has  a  cubic  structure  (Table  8).  wood  agreement  between  the 
measured  and  the  calculated  angles  of  different  planes  due  to  precipitates 
can  be  observed  (table  l1). 

Although  i.hc  intensities  of  these  extra  ret  lectio::,  were  weak,  nark- 1  ie  id 
imaging  technique:;  using  these  extra  reflections  coaid  be  attempted  to 
reveal  the  SiAs,  precipitates  in  t  lie  micrograph,  which  would  aid  in  sep.ii'alii: 


the  precipitates  from  the  unresolved  dislocation  loops  which  appeared  in  tin. 
form  of  black  spots  in  the  micrograph.  A  few  dislocation  lines  were  also 
observed  (shown  by  arrow) . 

4.2  ANNEALING  STUDIES  OF  S+  IMPLANTS 

The  microstructural  changes  in  Cr-doped  GaAs  having  <100^  orientation 

+  1 5  U 

implanted  with  S  ions  at  120  keV  to  a  dose  of  JO  ions/ cm  at  room  temper. 

ture  were  studied  as  a  function  of  annealing  temperature  from  room  tempera¬ 
ture  to  860°C.  The  experiment  was  carried  out  inside  an  electron  microscope 
equipped  with  a  hot  stage,  and  no  capping  of  the  implanted  layer  was  used. 

In  the  as- imp Lunted  cone i t i on ,  the  image  had  a  mottled  appearance  a  I t  hough 
a  large  number  of  small  black  spots  could  be  seen  (Fig.  22).  The  selected- 
area  diffraction  pattern  showed  the  presence  of  diffuse  rings  character  5  si ii 
of  an  amorphous  material.  Post-implantation  in  situ  annealing  at  330°C  for 
5  min.  resulted  in  a  complete  elimination  of  the  inner  diffuse  ring  and  the 
development  of  streaking  along  two  mutually  perpendicular  directions  around 
the  (002)  and  (220)  diffraction  spots  of  GaAs  (Fig.  33).  However,  the 
development  of  (002)  spots  bad  yet  to  Lake  place.  Observation  of  the 
elimination  of  the  diffuse  ring  strongly  suggests  that  recrysla 1 1 izat  ion  oi 
the  amorphous  layer  lias  taken  place.  Since  no  evidence  of  a  polycrvsta! ! im 
material  can  be  found  in  the  diffraction  pattern,  it  is  speculated  tii.it 
single-crystal,  layers  having  identical  orientation  with  respect  to  t  he 
substrate  started  to  grow  epitaxiaily  on  the  substrate  arid  consumed  Hu- 
amorphous  layer  during  annealing  at  3  J0eC  for  r>  min.  The  streaking  a  long 
two  mutually  perpendicular  directions  around  ti;e  (002)  spot  on  GaAs  i ..  duo 


TABLE  8 


MEASURED  d  -SI*  AC  1  NOS  FROM  EXTRA  KKi'l.i  A- 1 IONS  AND  Till:  IK  ASS  1 1  NMEN  1'  i‘.\SEi> 
UPON  THE  Si  As,  STRUCTURE 


Measured  d-Value 
of  Precipitate 

doA  2.679  X 

doB  l.AiS  A 

doC  1,617  A 


Calculated  d-Value 
ol  SiAs i 
(PI  one) _ 

2.691  X  (210) 

2 . A  IS  A  (211) 

1.609  A  (121) 


tabu:  9 


UOMPARl TON  ok  MEASURED  AND  CALCULATED  ANCLES  (BASED  UPON  THE  SiA> 
STRUCTURE)  OF  DIFFERENT  PLANES  DUE  TO  PRECIPITATES 


Plane 


Measured  Ar.ale  Calculaled  Alien 


(2  10) 

■  (Hi) 

90° 

'HU 

(2  10)  , 

■  (Ill) 

•  i  Li" 

1  2 (. .  7 

(111)  •• 

-  Oil) 

- 

9 1  i .  2 

.  jjyidt  11,  uy  iiii  ill  iiljiilillLilLiiiJui^i  -.LLiadiiLUii. 


-Jj. 


to  the  formation  of  microtwins  on  the  (111)  piano  of  tin  An.  Naruvunan  -ar.il 

+  +  -i 

Spit/er  [si, 42]  have  made  similar  observations  in  F  ,  N  ,  ami  Si  ion- 
implanted  C.aAs  . 

A  new  feature  in  the  form  of  hlaek  spots  began  to  appear  during  anneal  in.; 
around  t>UUcC.  In  addition,  the  foil  see...\_c  to  have  a  higher  t  r.iusparei'.cv 
with  respect  to  the  electron  beam.  This  behavior  mav  he  attributed  to  a. 
-loss  iii.  A  >  l  roiu  t  ik1  !  oil  which  el  1  ectivelv  reduce^  tin-  ic.il  LUickness.  :! 
black  spots  were  found  to  grow  in  size  at  higher  annealing  i emper aturoa  .u 
times.  Tiiev  could  be  easily  resolved  as  dislocation  Jo. -p:  at  7  < •- 1 c i  (i  I,.. 
At  Stn)°i: ,  the  ci  is]  oeat  ion  loops  grew  by  coalescence  with  .■  si  gisi  f  ic.nat 
lowering  of  loop  density,  as  shown  in  Fig.  35(a).  A1  though  >i  iv.sk  ing  .  u  ; 
be  found  after  annealing  at  7  30°C  for  5  min,  anneal  ing  -  iimi'iU.:  i 

complete  a  1.  iminution  of  streaking  around  (001)  and  (220)  spots  .aid  ■!.■■ 
resulted  in  development  of  (002)  spots  | see  Fig.  35(h)).  No  precipitates 
were  found  in  the  S+- implanted  Or-doped  oaAs. 


Sect  i on  3 


DEKE-EKVEl  -TRANS  LENT  SPECTROSCOPY  (Di.TS) 


3.1  INTRODUCTION  AND  EXPERIMENTAL  lEChNIuUE 


Deep-le  vel-l  rap  spectroscopy  (DI.TS)  false  called  fast  capacitance)  is  a 
sophist icated  technique  for  studying  crapping  states  in  the  depletion 
region  ot  a  p-n  junction  or  Schottky  barrier.  The  technique  can  he  ippliej 
to  a  wide  variety  of  devices  containing  many  Lypes  01  traps  and  can  yield 
considerable  insight  into  material  character  ia.tL  ion  ,  device  per  t  a  mince  and 
reliability,  and  evaluation  of  special  processing  technologies  such  as  im 
implant  at  ion  and  epiLixiai  growth. 


A  p-n  junction  held  in  reverse  bias  V  wi 


I  ni  V  o 


i  v.'i\  til 


VS*  Id  L  i 


W(V) 


*  I? 


<VB 


Vbi>/N 


!]• 


where  V  ^  is  the  junction  built-in  potential  and  N  is  the  densiLv  ol  charge 
at  the  edge  of  the  depletion  region.  The  exact  term  ol  the  relationship 
will  depend  upon  the  tvpe  and  shape  el  the  junction.  Traps  in  this  region 
will  he  generally  empty,  and  the  junction  will  have  a  denned  capac  i  Lance , 

If  the  junction  is  brought  into  forward  conduct i;n  hv  an  electrical  pulse, 
tin:  injected  charge  will  be  trapped  according  to  tin-  part i m 1  a r  kinetic.-,  ol 
the  traps  and  will  also  recombine  after  tin  final  er.i  I  ss  i  on  iron  the  nui.istahlc 
tr.ips.  The  trap  tilling  is  described  lor  e  -li  species  o|  injected  charge  hv 


) 


•l? 


Nil)  =  N ( n )  (  l 


where  N(t)  is  the  concentration  of  filled  traps  at  time  l  and  ■;  is  a  charac¬ 
teristic  trap-filling  time.  The  characteristic,  trap-filLing  Lime  is  furtlier 
described  by 

-  -  -  o(V)n  +  +  e 

1 

where  c  is  the  capture  cross-section  of  the  trap,  T  is  the  hole-recombination 
Lime,  of  a  filled  trap,  and  is  the  thermal-emission  rate  of  a  trapped 
charge . 

When  tiie  pulse  is  removed,  no  further  charge  is  injected,  Lhe  depletion 
width  returns  to  W(V) ,  and  the  change  in  charge  population  produced  during 
the  pulse  is  reflected  by  a  change  in  junction  capacitance.  The  t rapped 
charge  recombines  by  means  of  thermal  emission  according  to  the  kinetics  •>! 
the  trap  and  the  spectrum  of  defect  states.  The  spatial  region  in  which 
this  occurs  is  (.he  depiction  width.  If  the  depletion  region  is  ideal  v  i  .  , 

there  is  aero  free-carriur  concentration),  recombinat ion  will  he  l>v  i hermnl 
emission  only.  i'lic  decay  is  not  purely  exponential  lie. -.an  si-  tin-  change  in 
hole  concentration  at  the  outer  edge  of  the  depletion  region  is  noL  sharp 
but  quadratic,  The  changing  population  of  trapped  charge  in  Lina  depletion 
region  is  observed  experimentally  as  a  transient  enpncil.mce.  It  should  !,e 
noted  that  the  time  required  fur  decay  may  range  from  nanoseconds  to.  many 
milliseconds,  depending  upon  the  nature  of  the  trap. 

i  I  a  second  puLse  is  imposed  on  the  junction  short  I  v  .ill  or  i  in-  initial 
pulse,  the  effc-cl  of  hole  recombin.it  ion  can  he  evaluated.  The  second  pulse 


is  of  magnitude  V  whicli  is  less  than  V^;  hence,  the  depletion  width  is 
reduced  accordingly  which  permits  that  portion  of  the  material  no  longer  in 
the  depletion  region  to  act  as  neutral  material,  hole  recombination  being 
dominant.  The  second  pulse  is  called  the  "clear"  pulse  whicli  is  reasonable 
since  it  serves  to  "clear"  traps  in  a  portion  of  the  depletion  region  and 
injects  no  new  charge  into  the  traps.  Hence,  the  quantity  T,  can  be  evaluated 
as  a  function  of  the  elear-pulse  width.  The  trap-concentration  profile 
across  the  depletion  region  can  be  determined  by  variations  of  the  elear- 
pulse  height.  Different  elear-pulse  heights  "clear"  different  widths  of  the 
depletion  region;  therefore,  an  orderly  series  of  measurements  produces  a 
profile  of  the  entire  region. 

These  pulse  sequences  and  tiieir  effects  upon  the  capacitance  signed  can  be 
seen  more  clearly  be  reference  to  Fig.  36.  The  injection  pulse  brings  the 
diode  into  forward  conduction,  resulting  in  an  injection  current.  The  clear 
pulse  has  a  smaller  magnitude  than  the  injection  pulse.  The  decay  of  capaci¬ 
tance  signal  after  the  injection  pulse  results  from  both  hole  recombination 
and  thermal  emission.  The  decrease  in  signal  amplitude  alter  the  clear 
pulse  is  a  measure  of  the  hole  recombination.  It  should  he  pointed  out  that 
the  real  experimental  situation  is  not  so  clear  cut  as  in  this  schema  tic. 

Tiie  pulses  Lend  to  overload  the  amplifier,  and  there  is  frequently  "ringing" 
as  a  result  of  tiie  fast  pulses — two  f .tutors  tliaL  Lend  to  obscure  the  initial 
decay  shapes .  Also,  in  the  sehein.it  ie  .1  positive  cap.  ic  i  lance  change  is 
shown,  indicating  the  trapping  and  decay  of  .1  minoi  i  <  v-c  irr  ier  tr.,p.  If  o 
ma  j  or  i  l  v-ca  r  r  i  er  trap  had  been  shown,  Liu-  capar'i  t  ance  change  won  i.l  be 
nog  it  i  ve  . 
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Thermal  omission  from  the  traps  is  a  strong  function  of  temperature.  A 
.simplified  version  of  the  temperature  dependence  of  emission  rates  is 

e.  =  -N-  exp(-.'.EkT) 

J  g 

where  is  the  thermal-emission  rate,  a  is  the  capture  cross  section,  N  is 
the  density  of  states  in  the  band,  g  is  the  degeneracy  of  the  trap  level,  LE 
is  i lie  thermal  activation  of  the  trap,  and  T  is  the  temperature.  The  applica¬ 
tion  of  the  expression  depends  upon  such  parameters  as  the  type  of  material 
(n-  or  p-iypo)  and  the  sign  of  the  carrier  (electron  or  hole) ,  but  the 
expression  is  handled  in  much  the  same  wav  as  the  expression  for  ihermoiumi- 
nesceme  and  thermally  stimulated  conductivity. 

The  temperature  dependence  of  the  transient  capacitance  is  given  in  Fig.  j 7 . 

On  the  left-hand  side  of  the  figure  is  a  series  of  capacitance  transients  at 
various  temperatures,  The  difference  in  capacitance  during  a  time  ititerv. 
tj-t0  is  plotted  on  the  right-hand  side  of  the  figure.  At  low  temperature 
very  litLle  thermal  emission  Lakes  place  between  t  and  t.,.  At  high  tempera¬ 
tures  the  trapped  charge  recombines  almost  immediately,  yielding  no  change 
in  c.  ip.  ic  i  Lance  during  the  data-sampl ing  time.  A  plot  ol  tin-  entire  series 
yields  the  temperature  dependence  of  the  thermal  emission  from  the  trap-- 
essentially  a  thermoluminescent  glow  curve.  From  this  curve  one  can  determine 
the  thermal  activation  energy  of  the  trap  which  is  closely  related  to  the 
energy  separation  between  the  trap  and  one  of  the  bands.  Since  one  is  able 
to  study  traps  having  activation  energies  ranging  iron:  •-  il.l  cV  to  1  cV, 

L 1  it-  temperatures  to  be  scanned  will  range  1  rum  liquid-lie  temperature  to 
several  hundred  degrees  above  room  Lemperaturo . 


1  0  1 


For  tlio  t  r.ms  ient -capac  itancc  experiment,  the  diode  is  held  in  reverse  bias 
in  .ui  a.:  capacitance  bridge  with  the  pulses  superimposed  on  the  diode  under 
test.  The  choice  of  bridge  depends  upon  the  sample  or  junction  being 
studied.  For  epitaxial  CaAs ,  the  sheeL  resistivity  is  very  high,  resulting 
in  long  transient  decay  times;  hence,  the  frequency  must  be  kept  low  and  a 
bridge  operated  at  1  MHz  is  quite  appropriate.  For  p-n  junctions  such  as 
those  used  for  1.  igh  l-eini  1 1  ing  diodes  where  decay  times  are  extreme!  v  short, 
a  high-frequency  bridge  must  be  used  to  obtain  clear  resolution. 

The  basic  electronics  of  the  1)1. TS  system  are  shown  in  Fig.  3S.  The  basic 
instrument  for  making  measurements  wan  a  Boonton  7 2 BD  1-Mllz  capacitance 
bridge.  The  bias  as  well  as  the  pulses  are  provided  by  the  Syst rou-Donner 
HOB  pulse  generator.  A  very  important  piece  of  apparatus  is  the  buffer.. 
baseli1'  'store  r ,  developed  and  built  by  SKI,.  This  unit  not  only  elimi¬ 
nates  noise  but  permits  one  to  operate  the  Boonton  on  a  more  sensitive  .scale 
and  prevents  over  load/memory  problems  with  the  double  boxcar  integral  or. 

The  temperature  of  the  sample  was  varied  from  J.U  to  4()0°K  using  an  Air 
Products  llelitran.  Thermometry,  shielding,  and  electrical  isolation  were 
some  ot  the  problems  that  had  to  be  solved  in  order  to  obtain  meaningful 
measurement  s . 

As  an  example  ol  Lhc  energy  tie  Lcrmi  nul  ion ,  Fig.  ilJ  shows  three  curves  lor 
b  i  ;;1 1  - 1  enipe  rat  are  trap,  recorded  using  dilfcreiiL  cm  i  ss  i  i  ui- r.,  t  window,  .o. 
del  inch  by  tae  boxcar  settings.  The  temperatures  at  which  the  peak  ,ic.  ill's 
are  t  bur,  plotted  as  a  function  ol  Lhc  emission  rate  on  an  Arrhenius  plot  a.-, 
in  Fig.  .’il)  lor  a  determination  ol  tbcriii.il  a,  i  ivn!  ion  r:u  •rgv  I.. 

:  i!  ) 


Figure  40.  Typical  Plot  oi  Thermal- Emission  I’.ate  a. 
Funclion  of  Peak  Temper,. Lure. 


The  DLTS  experiment  can  he  utilised  for  the  following  applications: 

•  Nearly  any  p-u  junction  or  Schottky  barrier  having  suitably  low 
forward  resistance  to  permit  convenient  charge  injection  bv  tlie 
pulses  can  be  studied.  Nominal  values  of  10  to  100  have  been 
found  to  be  most  reasonable. 

•  Junctions  buried  below  the  surface  of  the  device  can.  be  anal v zed 
readily  because  of  the  electrical  nature  of  the  measurements. 

This  technique  is  particularly  useful  for  studying  traps  at  the 
interfaces  of  epi-iayers  and  substrates  or  for  studying  materia  1 
behavior  under  metal-electrode  contacts, 

•  Epitaxial  layers  can  be  analyzed  for  trapping  defects  introduced 
in  the  epi-reactor  or  created  at  the  interface  with  the  substrate. 
The  experiment  can  be  either  a  routine  analysis  of  epi-batc'ies  or 
a  fundamental  scudv  of  trapping  states  in  devices. 

•  Concentrations  of  traps  can  be  profiled  as  a  lunation  of  disiumn 
from  the  junction  which  is  particularly  useful  lor  ion- imp ! ant ed 
layers  and  tor  devices  such  as  Ki.AU  diodes  that  depend  upon  occur. t 
concentrat ion  changes. 

The  following  information  may  be  obtained  l rom  a  study  oi  traps  b\  moans  >-i 
transient  capac  it.uu  e : 


1.  Sign  of  the  trapped  charge  (electron  or  hole),  which  is  revealed 
immediately  by  the  sign  of  the  capacitance  change. 


2.  Concentration  and  population  of  the  traps.  The  magnitude  of  the 

trap  population  is  proportional  to  the  magnitude  of  the  capacitance 
change.  The  technique  may  be  sufficiently  sensitive  for  measuring 
capacitance  changes  from  as  few  as  10^"  contors/em'* . 


3.  Thermal -act ivation  energy  or  depth  of  the  traps.  The  temperature  it 
which  the  most  trapped  charge  is  released  per  unit  time  is  direct l\ 
related  to  the  thermal -act ivation  energy  of  the  trap.  Activation 
energies  from  -.  0.1  to  -  1.0  eV  in  Ca As  can  be  studied  in  the  same 
sample . 

4.  Capture  cross  sections  and  Kinetics  of  capture  which  are  measured  ba¬ 
the  shape  of  the  capacitance  change  during  charge  injection. 

3.  Emission  and  recomb  ina  t  ion  kinetics  of  trapped  i barge.  Mc.isiin-u-n: 
of  the  shape  of  transient  decay  curves  yields  t  he  emission  rate.-  ei 
the  traps.  The  emission  rates  of  Oifterent  traps  may  very  by  sever . 
orders  of  magnitude. 
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7.  Minority  carrier  recombination.  Krom  the  different  widths  of  the 
clear  pulses,  the  hole-recombination  ime  for  the  material  can  be 
r a  1 cu ! a  t  ed . 


8.  Separation  of  types  of  defects  and  defect  clusters.  Individual 
“"detects  or  trap  types  have  different  thermal  emission  rates  and 

different  recombination  times,  in  some  cases  varying  by  several 
orders  of  magnitude.  Also,  combinations  of  defects  have  unique 
emission  rates,  i.e.,  the  properties  of  Zn ,  0,  and  Zn-0  traps  in  CnP 
have  different  thermal-emission  rates  which  can  be  clearly  separated. 

9.  Radiative  as  well  as  non-radiat ive  transitions  can  be  studied. 

5.2  SAMPLi;  PREPARATION ,  TEST  PATTERN’S,  AND  PRELIMINARY  TESTING 

Samples  were  prepared  in  basically  two  different  geometries.  In  one  case,  the 
samples  consisted  of  undoped  bulk-grown  CaAs  or  epitaxial  CaAs  fl”own  on 
degenerate  n+  Te-dope-d  substrate  material,  on  which  the  Schottky  barriers  were 
iormed  by  evaporating  Au  or  Al  dots  on  the  active  layer  with  ohmic  contacts  on 
the  back.  In  the  other  case,  epitaxial  CaAs  on  semi-insulating  CaAs  war. 
fabricated  into  FET-1 ike  test  patterns  by  mesa-etching  and  metal  evaporation 
using  photolithographic  techniques  at  AFVAL/AADR.  One  portion  of  the  test 
pattern  is  shown  in  Fig.  41.  This  die  consists  of  four  FET-like  structures 
(with  25-  and  1 2  .  5-p  gates),  a  simple  Schottky  ohmic  pair,  and  a  set  of  three 
ohmic  contacts  with  X  and  2X  spacing*  for  distributed  feedback  analysis. 
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The  wafers  were  characterized  by  C-V  and  I-V  analysis,  using  probes  in 
attempts  to  determine  variations  in  basic  properties  across  the  wafer.  Maps 
of  these  characteristics  were  generated  to  aid  in  the  evaluation  of  the 
processing  as  well  as  the  material,  and  these  maps  were  used  to  select 
individual  dies  for  further  study.  Individual  dies  were  cut  from  the  wafer 
and  packaged  on  special  all-metal  T05  headers  for  use  in  the  helitran.  The 
individual  devices  were  wire-bonded  using  an  ultrasonic  wire-bonder.  The 
wafer  and  a  bonded  device  are  shown  in  Fig.  42  and  typical  I-V  characteris¬ 
tics  are  shown  in  Fig.  43. 

Figure  44  shows  the  results  of  C-V  profiles,  translated  into  N-V  curves,  for 
two  devices  on  different  dies  of  the  same  wafer.  The  wafer  (R19)  was  an 
epitaxial  CaAs  wafer  grown  on  a  Cr-doped  substrate.  The  dies  (Nos.  6  and  30) 
exhibited  dramatic  differences  in  carrier  profiles.  Light  chemical  etching 
of  the  surface  enhanced  the  apparent  buried  layer  on  Die  30.  Sharp-line 
photoluminescence  data  taken  by  D.  C.  Reynolds  indicated  large  dif i eroncus 
in  the  shallow  centers  of  the  two  dies. 

5.3  RESULTS 

l'iie  results  of  these  studies  are  divided  into  three  main  categories:  ion 
imp  1 nntation, device-grade  FET  material,  and  miscellaneous  studies  which  will 
include  untlopei!  substrate  material  and  a  study  of  electron  damage  in  CaAs . 
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Ion  Implantation 

DLTS  is  not  currently  a  standard  technique  for  the  analysis  of  ion- implanted 
layers.  Therefore,  great  care  must  be  taken  to  assure  that  the  equipment  is 
performing  adequately  in  more  well-known  sample  systems.  Figure  AS  is  a  DLTS 
spectrum  obtained  from  an  "as-grown"  piece  of  vapor-phase  epitaxial  C.aAs  on  a 
conducting  Te-doped  substrate.  Two  DLTS  peaks  were  observed  which  represent 
native  defects  in  the  material.  In  the  literature,  the  peak  at  200°K  has  been 
associated  with  a  Ga  vacancy  through  circumstantial  evidence.  The  peak  at 
37A°K  has  been  associated  with  oxygen  and  chromium.  These  peaks  were  very- 
well  behaved  under  DLTS  analysis  and  yielded  uneorrecied  thermal  activation 

energies  of  about  0.A7  and  0.97  eV.  The  DLTS  "figure  of  merit,"  AC/C,  was 

-A  -5 

10  with  a  sensitivity-above-noise  of  nearly  10  .  This  is  about  "state-of- 

the-art"  for  DLTS.  Also,  t’ae  heating  ruLc  employed  was  selected  to  yield 

nearly  zero  thermal  hysteresis. 

As  a  demonstration  of  the  system,  a  rough  profile  of  the  trap  density  was 
generated  using  three  different  reverse-bias  pulse  combinat Ions  such  that  the 
trap  signal  originated  from  three  different  spatial  regions  below  the  surface 
of  the  sample.  Data  from  these  experiments  are  shown  in  Fig.  Ab.  From  these 
signals  the  trap  densities  wort  ealeuiated;  from  the  bias  conditions,  the 
depletion  depths  were  calculated.  The  result;,  are  shown  in  Fig.  A7  superim¬ 
posed  on  tlie  original  N-W  plots  for  the  carrier  concent  rut  ions .  The  trap- 
density  curve  is  parallel  to  the  carrier-concentration  profile,  but  offset  by 
three  orders  of  magnitude. 

As  lurlher  demonstration  of  the  system  and  technique,  Ibis  epitaxial  sample 

13  -2 

was  .subjected  to  1  -MeV  electron  bombardment  at  a  dose  of  1  ■  ID  cm  , 
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yielding  a  .1%  carrier  removal.  Figure  48  shows  that  the  native  defect  at 
37i°K  was  unaffected,  and  the  native  defect  at  20QCK  grew  according  to  the 
well-known  production  rate  of  the  radiation-damage  peak  known  as  E3 .  The 
sharp  low-temperature  peaks  at  35  and  75°K  (known  in  the  literature  as  El 
and  E2)  had  been  observed  on  numerous  occasions.  Figure  49  is  a  plot  of  the 
DLTS  spectrum  after  2;i  carrier  removal  by  electrons.  These  figures  indicate 
excellent  DLTS  behavior,  excellent  sensitivity  to  very  modest  electron  irradi¬ 
ation,  and  excellent  thermometry. 

A  large  piece  of  the  same  VPE  GaAs  wafer  from  which  the  as-grown  and 

electron-damage  spectra  were  taken  (Figs.  45  and  49)  was  implanted  with 

Ar+  at  150  keV.  A  series  of  samples  with  different  annealing  conditions  was 

prepared  from  this  slice.  Figure  50  is  the  DLTS  spectrum  from  an  as- 

15  ~> 

Implanted  niece  that  had  been  implanted  to  10  /cm".  The  native  defects 

which  yielded  peaks  at  200  and  374°K  in  the  as-grown  and  electron-irradiated 

samples  were  observed  again.  Peaks  near  75°k  may  be  complex  versions  of  the 

El  and  E2  electron-damage  peaks  shown  in  Fig.  49.  In  addition,  several  new 

peaks  were  observed  and  a  very  large  peak  at  about  2fc0°K  dominated  the  spectrum. 

Clearly,  the  ion  implantation  of  Ar+  has  treated  considerable  damage.  Figure 

51  is  the  DLTS  spectrum  obtained  from  an  as-implanted  sample  tli.it  had  been 
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implanted  to  a  smaller  dose  of  10  /cm  ,  The  structure  and  magnitude  of  the 
damage  peaks  are  consistent  with  the  other  data  and  the  different  dose. 

Figure  52,  an  Arrhenius  plot  of  emission  rate  ns  a  function  of  reciprocal  pc-ak 
temperature,  is  used  to  determine  the  thermal  activation  energies  of  the 
principal  peaks.  PloLs  for  the  two  native  defects  at  200  and  37»°K,  plus  the 
principal  ion-implant  peak  at  260°K,  are  shown.  The  curves  are  very  well 
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igure  52. 


Thermal-Act ivation-Lncrgy  PJ.oLs  of  Native  DefecLs 
and  Ion-Implanted  Peaks. 


behaved  and 'easily  yield  the  activation  energies.  An  identical  sample 
was  annealed  to  300°C  in  an  Ar  atmosphere.  Tn  the  DLTS  spectrum  shown  in 
Fig.  53,  most  of  the  small  damage  peaks  were  annealed,  and  the  native  defect 
peaks  and  the  principal  ion-implant  peak  were  unaffected. 

Figures  54  and  55  are  DLTS  spectra  from  a  sample  that  had  been  annealed  to 
700°C.  The  sample  was  implanted,  capped,  annealed,  stripped,  metallized,  and 
then  packaged.  The  spectra  shown  arc  for  different  emission  rates;  it  is 
obvious  that  the  large  peak  is  quite  complex,  with  numerous  components  that 
can  he  resolved  by  the  emission-rate  selection.  The  detailed  nature  of  these 
peaks  is  unknown .  It  appears  that  the  native  defects  as  well  as  the  damage 
peaks  have  shifted  and  compiexed. 

Figure  56  is  the  spectrum  obtained  from  a  sample  from  the  same  wafer,  which 
was  implanted  at  the  same  time,  capped,  and  then  annealed  to  850°C.  The 
spectrum  is  dramatically  different  from  the  previous  runs,  The  majority- 
carrier  emitter  at  about  200°K  may  be  the  native  defect  observed  previously, 
The  very  large  peak  at  400°K  is  of  opposite  polarity  to  previous  data  and 
indicates  the  presence  of  a  minority-carrier  emitter.  This  situation  should 
not  occur  in  a  Schottkv  device,  and  this  may  he  evidence  of  thermal  conversion 
to  p-type  material  under  the  Si-N,  cap  during  high -temperature  annealing. 

■J  “4 

Thermal  conversion  of  GnAs  during,  annealing  has  been  discussed  at  length  in 
previous  sections  of  this  report.  iiie  cap  used  for  Mils  sol  ol  samples 
appeared  to  he  good  visually  and  was  elect  r ic.il  I v  acceptable  I  or  substrate 
material.  However,  in  this  case  the  epitaxial  layer  is  verv  lieav  i  1  ••  damaged  , 
and  the  properties  of  the  cap  could  he  very  different  Iron  those  on  a  subslr.it 
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A  large  piece  of  epitaxial  GaAs  was  implanted  to  10  cm  with  As  ions.  A 
series  of  samples  was  generated  with  different  annealing  temperatures,  as  was 
done  for  the  Ar  implants.  Again  the  dose  was  quite  high.  Considerable 
difficulty  was  encountered  with  the  Schottkv  metallization  after  annealing. 
Many  of  the  diodes  were  very  leaky,  especially  for  the  samples  that  had  been 
annealed  at  the  highest  temperatures.  Figure  57  is  a  DLTS  spectrum  obtained 
from  an  As+  implanted  sample  annealed  to  700*C.  In  ibis  case,  the  reverse 
bias  was  2  V,  and  the  sample  was  pulsed  only  to  zero.  Thu  built-in  potential 
of  the  Schottkv  harrier  insured  that  the  pulse  would  not  affect  the  built-in 
depletion  layer;  hence,  the  region  being  studied  did  not  include  the  implant 
layer  (the  built-in  layer  is  larger  than  the  implant  range).  In  Fig.  5/,  a 
large  native  majority-carrier  emitter  at  about  i.oo'K  dominates  the  sped  rum. 
If  tlie  pulse  is  increased  from  the  bias  ol  -  2  V  to  +  2  V,  the  spectrum 
obtained  is  similar  to  that  in  Fig.  58.  The  nature  of  the  1)1. TS  signal 
changes  completely  from  a  majority-carrier  emitter  in  n-t yne  material  in 
a  majority-carrier  emitter  in  p-type  material. 

At  this  time,  it  has  not  been  established  whether  the  material  convert  '•  i  •  •  p- 
type  because  of  the  As  implant  or  whether  this  is  an  efli.i  t  ol  thermal 
conversion  during  annealing.  In  any  case,  considerable  opportunity  exi-.is  (•• 
study  the  deep  centers  created  during  Ion  Imp  1  an!  a  l  ion  and  its  .subsequent 
annua  ling. 
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random,  rather  violent  noise  with  some  very  broad  (200°K-wide)  peaks  that 
could  not  be  resolved.  In  the  literature,  references  to  the  effects  of  high 
fields  in  an  FET  channel  and  the  distortion  of  capacitance  measurements  in 
high-impedance  situations  indicated  that  it  would  be  more  prudent  to  look  at 
very  thick,  lightly  doped  layers  or  epitaxial  layers  on  conducting  n+  sub¬ 
strates.  Further  development  of  the  electronics  and  the  addition  of  the 
buffer/baseline  restorer  to  the  system  changed  the  situation  completely  and, 
as  a  result,  good,  noise-free  signals  could  easily  be  obtained  from  device¬ 
grade  material  on  semi-insulating  substrates. 

An  example  of  this  effort  is  shown  in  Fig.  59.  The  Dl.TS  data  shown  .ire  from 
ail  FET-likc  device  fabricated  on  an  active  layer  of  VPE  GaAs  which  was  0.25-;. 
thick,  with  a  carrier  concentrat  ion  of  it)1'  cm  Ihe  active  layer  was  on  a 

buffer  several  microns  thick  and  a  Cr-doped  substrate.  The  response  i;.; 
similar  to  DLTS  spectra  from  other  wafers,  although  the  temperature  dependence 
especially  for  the  300°K  peak — is  quite  puzzling.  Figure  60  is  a  spectrum 
from  a  similar  wafer,  grown  consecutively  to  the  wafer  which  yielded  the 
s pec L rum  in  Fig.  59,  The  peaks  in  Fig.  60  are  somewhat  more  familiar,  with 
the  peak  at  J75°K  probably  being  the  one  normally  seen  at  -iOO<’K.  In  both 
cases,  some  response  was  observed  below  75°K  and  near  20UCK.  The  primal' 
peaks  were  very  well  behaved  for  energy  analysis.  The  principal  peaks  were 
vTv  large,  in  some  cases  driving  the  boxcar  out  of  range,  The  peaks  were 
very  sensitive  in  pulse  duration  and  seemed  to  grow  at  a  linear  rate  with 
increasing  pulse  duration.  An  interesting  feature  ol  this  growth  wa-  that 
the  Dl.TS  peak  width  was  constant  with  increasing  Dl.'IS  magnitude,  j  nd  i  cal  j  eg  a 
relatively  simple  trap  whose  capLure  cross  section  could  be  determined. 
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Figure  61  is  a  very  different  DLTS  spectrum.  The  water,  R19 ,  was  again  an 
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active  layer  of  VPE  GaAs ,  doped  to  10  cm  on  a  buffer  and  Cr-duped  substi.i 
In  this  case  the  cpi  was  grown  by  Teledync  Corporation  on  n  Morgan,  Inc., 
substrate.  This  sample  was  on  a  die  adjacent  to  the  mu-  whose  euin-entr.it  ion 
profile  is  shown  in  Fig.  44  that  had  a  buried  donor  layer  near  tin  active- 
layer-buffer  interface.  The  sample  had  also  been  irradiated  with  1 -MeV 
electrons.  It  Is  entirely  possible  that  the  peaks  shown  in  Fig.  61  arc  El, 
Ed,  and  E3,  created  by  the  electron  damage  plus  a  iiigh-lempur.ilure  native 
defect,  that  have  been  shifted  to  lower- than-normal  temperatures  bv  tile 
high-field  distortion  in  the  high  carrier  concent  rat  ion.  Sin-c  the  peak  -  ..tc 
well  shaped  (not  truncated),  they  may  be  defects  .it  the  interface  of  tin-  cpi 
and  substrate,  rather  than  distortions  of  the  damage  peaks.  Furthermore,  tin 
1  —  V  characteristics  of  the  FET  were  measured  at  ..  very  h-w  temperature  (.IJY.) 

.  i 

with  a  curve  tracer .  The  resuLts  are  shown  in  the  inset  ol  fig.  Od.  Hit: 
forward  resistance  is  shown  to  be  a  lew  thousand  olmis--cer  t  a  in  lv  instill  loioni 
to  cause  lii gh-impedance  problems  with  the  capacitance  measurement .  Figure  (>J 
also  contains  the  N-W  profiles  of  the  samjile  as  generated  by  C-V  nieatai  reiiion  t  s 
taken  at  low  temperatures.  It  is  clear  that  the  active  1  aver  is  lull, 
depleted  at  these  temperatures,  but  sensible  profiles  of  tin:  stibst  r . .  t «  .mb 
Interface  are  still  obtained. 

The  thermn 1 -act ivat ion  energies  of  the  principal  peaks  were  determined  In  Un¬ 
usual  nuinnfi  ,  The  Arrhenius  plots  are  shown  in  Fig.  63.  !  lie  I  list  pinl  , 

showii  iii  Fig.  61  as  occurring  at  21  °K,  had  an  .nilviiioii  energy  cl  i.b  i.ieV , 
The  second  peak,  at  57°K,  had  an  at  L  i  va  l  i  on  energy  ol  5b  nu-V.  'Ibcm-  tm-rgie:, 
are  less  than  those  normally  observed  for  e 3 t-e l r •  m  -d.  una  ged  MaA:..  Norma  II-., 
the  activation  energies  are  several  hundred  me'.’. 
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are  more  of  the  order  of  donor  levels  and  are  much  lower  than  any  reported  to 
date  for  trap  levels  observed  by  DLTS. 

It.  should  also  be  noted  that  the  thermal  activation  energy  of  the  peak 
ooserved  at  175°K.  was  0.23  eV  (only  a  factor  of  two  less  than  normally 
observed),  and  the  peak  at  375°K.  had  an  activation  energy  of  0.60  eV--about 
50%  less  than  previously  observed. 

Miscellaneous  Studies 

Numerous  studies  of  the  DLTS  of  GuAs  were  conducted  (or  the  purpose  of 
building  the  system,  checking  the  results  with  the  literature,  and  surveying 
the  presence  of  traps  in  various  forms  of  the  material .  The  first  DLTS  data 
in  this  laboratory  were  collected  from  a  sample  of  bulk-grown,  uudoped  GaAs 
with  a  nominal  carrier  concentration  of  10^  era  Schoctky  dots  were 
evaporated  on  one  surface,  ohmic  contacts  made  to  the  back, and  L he  transient 
capacitance  measured, 

Figure  64  is  a  typical  DLTS  spectrum  from  these  samples.  The  sign  of  the 
DLTS  is  reversed  in  this  figure  (the  traps  were  majority-carrier  emitters) . 
The  traps  observed  are  vety  similar  to  the  native  defects  observed  in  other 
samples — especially  the  epitaxial  samples  run  at  a  laLer  date.  The  variation 
may  be  due  largely  to  thermometry  differences  between  the  iuiLi.il  ami  final 
stages  of  the  system  development.  It  would  be  useful  to  re-run  these  .studies 
with  the  new  equipment  ant  look  for  the  subtle  differences  between  materia! 
farms  (buik  vs.  epitaxial)  . 
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Extensive  DLTS  work  was  performed  using  epitaxial  GaAs  irradiated  with  i-MeV 
electrons.  The  production  rate  of  detects  by  1-MeV  electrons  in  GaAs  is 
fairly  well  understood  and  provides  a  good  set  of  marker  defects  in  a  range 
suitable  for  DLTS.  During  the  course  of  these  investigations,  some  anomalies 
were  observed  in  connection  with  the  FET-pattern  geometry.  A  paper  was 
published  on  this  work  and  is  included  in  Appendix  E  of  this  report.  Figures 
65  and  66  are  typical  DLTS  spectra  from  the  electron-irradiated  samples.  The 
differences  in  spectra  were  found  to  be  highly  dependent  upon  the  emission 
rate  set  by  the  boxcar  window  and  the  reverse-bias  condition.-:  on  the  active 
buffer-layer  combination.  These  studies  were  quite  useful  in  developing  the 
DLTS  system. 
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Section  6 


OPTICAI,  STUDIES 


6.1  MAGNETO-OPTICS  OF  FREE  EXC1T0NS  IN  GaAs  and  InP 


In  this  chapter  the  optical  studies  that  have  been  carried  out  on  GaAs  and 
.InP  are  described. 

INTRODUCTION 

During  the  past  twenty  years,  a  great  deal  of  interest  has  existed  in  both 
experiment;-.  L  and  theoretical  investigations  oi  the  behavior  oi  Wannier 
excitons  in  semiconductors  in  the  presence  of  a  magnetic  field.  A  wealth 
of  data  in  both  elemental  and  compound  semiconductors  has  been  obtained. 
Several  features  of  these  data,  such  as  the  dependence  of  the  energy  spec¬ 
trum  upon  polarization,  could  not  be  explained  in  terms  of  a  model  involv¬ 
ing  simple  parabolic  valence  bands.  It  soon  became  obvious  that  any  suc¬ 
cessful  attempt  to  explain  this  behavior  should  in<Jude  the  degenerate. 

M  3 

and  anisotropic  nature  of  the  valence  hands.  Allard li  and  l.ipari, 

44  43 

Swierkowski ,  and  Cho,  eh  d_.  ,  cal  culated  the  energies  of  the  ground 

state  of  an  exciLon  in  low  magnetic  i  it- his  using  a  perturbation  approach 

and  including  the  effects  of  anisotropy  and  degeneracy  of  the  valence 

46 

bands.  Altarell 1  and  l.ipari  later  extended  their  calculations  to  high 
magnetic  fields  using  an  adiabatic  approximation.  An  interesting  region 
from  the  experimental,  viewpoint,  however,  is  the  intermediate  one  (say, 

20  to  200  kG  in  GaAs) ,  where  most  oi  the  measurements  have  been  made . 
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The  following  work  describes  a  calculation  of  the  energies  of  the  six 
lowest  optically  allowed  states  of  a  direct  exciton  in  a  cubic  semicon¬ 
ductor  in  the  presence  of  an  arbitrary  magnetic  field,  taking  into  account 
the  effects  of  degeneracy  and  anisotropy  of  the  valence  bands.  The 
exc iton-et f ective  mass  Hamiltonian  used  was  first  proposed  by  Kohn  and 

LI 

Luttinger.  This  Hamiltonian  function  is  solved  following  a  variational 
approach  in  which  the  exciton  wave  functions  are  expressed  as  linear  com¬ 
binations  of  the  eigenfunctions  of  an  anisotropic  hydrogen-like  system 
in  a  magnetic  field.  Using  the  experimentally  suggested  values  of  the 
various  Kohn-Lutti tiger  valence-band  parameters  in  GaAs,  the  energies  of 
these  six  states  in  GaAs  are  calculated.  The  results  thus  obtained  are 
compared  with  those  derived  from  magneto-reflection  measurements  of  high- 
purity  epitaxial  layers  of  GaAs,  and  good  agreement  is  found. 

Theorv 


Within  t_ tie  effective  mass  approximat ion ,  the  Hamiltonian  of  a  direct  exciton 
in  a  cubic  semiconductor,  in  relative  coordinates,  can  be  written  as^ 


where  H  is  the  applied  magnetic  field  and  t  is  the  static  dielectric 

i) 

constant  of  the  medium.  The  corresponding  Schrodinger  equation  is 


H  v  =  K  ;■  (  1 ) 

ex 


where  tin-  wave  function 


because  of  the  four -I  old  dcKener.i  ■  v  u  tla-  uppoi 


valence  band  (the  split-off  valence  band  being  assumed  to  be  quite  far  away 

in  energy)  and  two-fold  spin  degeneracy  of  the  conduction  band,  is  an  eight 

component  function.  Equation  (3)  is  actually  an  8  x  8  system  of  equations 

which  reduces  the  two  4x4  systems  of  equations  for  negligible  electron- 

hole  exchange,  as  is  assumed  in  the  present  case.  The  electron  and  the  hole 
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Hamiltonians,  and  H^,  respectively,  can  be  written  explicitly  as  ’ 


V*’  -  TT  +  VsB 


(4) 


and 


-H. (k)  =  r~ 

h  m 

o 


,  .5  ,  k  ,,22  2  1  ~>  i 

^1  ^  ^  °  ~  '  kv  }  +  k  J  +  k  J  *"  ) 

1  z  -  -  x  x  V  V  z  z 


2f,({k.  k  )  i J  J  i  +  tk  ,k  ){.l  ,J  }  +  (k  ,k  }■.  J  , J  ]) 
3  xy  xy  y  z  y  z  7.x  z  x 


p  p  ^  3  j 

-  X  J*B  -  -  q  (J  B  +  J  B  +  J  B  ) 
c  e  xx  v  v  zz 


(3) 


where  v ,  y.;,  y^,  < ,  and  q  are  the  five  Kolui-Lutt  itiger  parameters ;  "* '  .1^,  >lv, 

and  ,1  are  the  4x.y  angular  momentum  matrices  corresponding  to  the  .1  =  3/2 

state;  j,  is  the  Bohr  magneton;  i  A ,  B  ■  =  1/2  (All  +  BA);  m  is  the  free 

electron  mass;  and  m  and  g  are  the  effective  mass  and  g-value  of  tl,e 

conduction  electron,  respectively.  Assuming  Lli.,1  B  is  along  one  of  the 

cubic  axes  —  say  the  z-axi.s — and  using  the  standard  expressions  for  the 

angular-momentum  matrices  J  ,  J  ,  and  1  for  this  case,  the  oxc  i  ton 

x  y  x 

HamilLonian  can  be  cast  in  a  4  '  4  matrix: 


is  introduced  and 


i- .  Ii  „ 1_ 

P  m  m 

o  o  e 


defined.  In  addition,  the  new  mass  parameters,  such  as  y’s  and  ,  are 


defined  in  terms  of  y's  as  in  Ref.  46  and  terms  involving  (-) 


.)  have 


dropped  since  these  are  small  in  most  semiconductors.  Each  diagonal  term 
in  Eq.  (6)  essentially  describes  the  Hamiltonian  of  an  anisotropic  hydrogen¬ 
like  system  in  a  magnetic  field.  For  instance,  ^  has  the  form 


—  (P2  +  P2  ) 

li  x  y 


o,  27  1  *‘o  2  ">  ? 

-  —  (3k  +  —  q)  I  +  T  —  Y  (x“  +  v“)  A  p,  -  2/r 

mo  •*  J  4  •* 


The  other  terms  have  expressions  very  similar  to  that  of  H  ‘ 


It  is  obvious  that  an  exact  solution  of  the  Sciirbdinger  equation  corre¬ 
sponding  to  the  exciton  Hamiltonian  cannot  be  obtained.  As  pointed  out 
earlier,  low-field  ( <  <<  l)  solutions'*  3_<  *3  using  perturbation  theory  and 
high-field  (y  >>  i)  solutions  using  an  adiabatic  approach  have  been 
obtained . 


To  briefly  outline  a  calculation  of  the  energies  of  the  six  lowest 
optically  allowed  states  of  the  system  in  the  presence  of  an  arbitrary 
magnetic  field,  a  variational  approacli  is  followed,  similar  to  that  of 
Aitarelii  and  Lipari.  The  basi6  functions,  however,  are  more  general 
than  those  used  in  Ref.  46  and  are  more  appropriate  to  the  arbitrary 
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values  of  the  magnetic  field.  The  use  of  these  basis  functions  reproduces 
both  the  low-field  and  the  high-field  results  quite  well. 

The  first  step  toward  establishing  a  basis  set  is  to  consider  the  diagonal 

terms  of  the  Hamiltonian  described  by  Eq.  (6).  Each  of  the  four  diagonal 

terms  describes  essentially  an  anisotropic  hydrogenic  system,  which  cannot 

he  exactly  solved  analytically.  However,  a  straightforward  numerical 

method  which  has  been  used  to  calculate  the  excitation  spectta  of  an 

48 

isotropic  hvdrogenic  system  is  easily  adapted  to  this  problem.  The  ' 

method  essentially  involves  expressing  the  wave  functions  of  the  aniso¬ 
tropic  hydrogenic  system  in  terms  of  a  basis  set  which  reflects  the 
svmmetrv  of  the  system  and  is  easv  to  use.  Since  the  system  i  s 
invariant  under  rotations  abouL  the  x-axis  (magnetic-field  axis),  the 
z-component  (m)  of  the  total  angular  momentum  is  a  good  quantum  number. 

In  addition,  the  Hamiltonian  is  invariant  under  reflections  through  the 
origin  and,  therefore,  Lite  system  wave  functions  have  definite  parity  which 

form  where  q  is  a  conserved  quantum 
of  the  wave  function  is  chosen  for  its 
ca I cu lat ions  and  for  i !  .  a  I  >  i  1 1 L  y  to  '‘cpn>- 
functions.  Thus,  the  wave  function-, 
system  call  he  expressed  as 

i  I  , 


is  specified  by  a  factor  of  the 
number,  q  =  0,1.  The  remainder 
simplicity  for  use  in  numerical 
din  e  hvdrogenic  and  Landau  wave 
of  an  anisotropii  hydrogen-like 
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where 


2  9 

,  „  v  itn$  !  m !  q  -(a.,o  +  S.O 

X  (a  ,sO  =  e  P  1  e  i  3 

qni  i  j 


(13) 


n  is  used  Co  label  different  states  with'  each  set  of  quantum  numbers 
and  and  3  are  the  variational  paranw  s.  Thus, 


H  f*  Ks  i-S 

ss  nqm  n  nqm 


(13) 


where  s  =  1,  2,  3,  and  4.  Then  to  solve  for  the  eigenfunctions  and  the 
eigenvalues  of  H  ,  a  standard  variational  approach  is  used.  To  minimize 
the  computer  time,  ev in-tempered  uaussians  are  used  where  needed  only  to 
determine  the  smallest  and  the  largest  exponents  from  a  and  i.  sets;  the 
other  exponents  are  given  by  the  geometric  progression  between  the  extreme 
values.  In  the  presence  ct  the  off-diagonal  terms,  the  solutions  of  F.q .  (6 ) 
will  be  some  mixture  of  the  solutions  of  the  diagonal  terms .  Tims,  .'tie 
van  write  the  eigenfunctions  of  Eq .  (6)  as 


r  nmi 


■  ' ’’ ,  m)  ^ 

Y ,,((),  m  +  2) 


*3(1,  m  +  1 ) 


4-^(1,  m  +  3 )  j 


(13) 


wnere 


•i  (^ni)  -  * 


To  solve  Cor  tq .  (b)  ,  the  Hamiltonians  must  be  evaluated  for  the  exoiton 

states  with  the  values  of  m  ranging  from  -3  to  0.  Obviously,  these  are 
not  the  only  states  of  the  system,  but  they  are  the  only  ones  which  can 
he  ere  ued  hv  one  quantum  absorption.  ^  In  .nidi  Lien,  the  symmetry  oi  the 
exciton  Hamiltonian  requires  that  all  components  of  the  envelop  wave  func¬ 
tion  have  even  parity.  Therefore,  the  Hamiltonian  [ Lq .  (ft) )  is  evaluated 
s.iv  far  m  -  U  .ml  the  various  elements  of  the  column  matrix  ,  .  are  chosen 

tim; 

a  1  so  for  m  -  0.  Racii  of  tiiese  elements  is  further  expanded  in  terms  of 

eigenfunctions  of  H  ,  the  diagonal  elements  ef  the  Hamiltonian.  Tiiese 
s  s 

eigenfunctions  of  H  are  further  expressed  as  linear  combinations  ef 

ss  ‘mq 

(a, it)  as  explained  earlier.  The  number  of  4  '»  used  in  our  calculations 

f  nqm 

is  42,  and  Lite  number  of  v  (a,i)'s  in  each  <;■  is  120.  These  numbers 

mq  nqm 

of  the  basis  functions  seem  to  lie  adequate  lor  the  present  purpose.  Using 
this  basis  set,  the  lowesL  energy  level  is  ra  i  cu  I  a  t  etl  by  diagonalizing  tin- 
Hamiltonian  numerically.  The  procedure  is  repeated  for  m  =  -1,  -2,  and  -3 
and  thus  all  of  Lhe  four  lowest  energy  levels  are  ,a I  mated,  correspond ing 
to  m.  =  3,2,  1/2,  -1/2,  and  -3/2.  By  incorporating  the  two  possible  v-iinos 

J 

of  Lhe  electron  spin,  eight  distinct  energy  levels  arc  obtained.  The  var¬ 
ious  optical  transitions  are  then  defined  as 


■w-nwnij™-’ . r'jllB . . . . . .  3«»' 


where  M  is  the  z  component  of  the  total  angular  momentum  to  the  hole  and 
the  electron.  The  selection  rules  for  optical  transitions  depend  upon 
the  experimental  configuration  and  upon  the  polarization  of  the  electro¬ 
magnetic  wave.  in  particular  in  the  Voigt  com igurat ion  (i.e.,  when  the 
direction  of  propagation  is  perpendicua ir  to  the  magnetic  field),  all  of 
the  four  c  lines  and  the  two  tt  lines  are  allowed.  In  the  Faraday  config¬ 
uration  (i.e.,  for  propagation  parallel  to  B)  ,  only  four  transitions  are 
allowed-- two  for  c+  polarization  and  two  for  c  polariz.it  ion. 

Comparison  With  Experlmen ts 

The  energies  of  the  transitions  calculated  are  compared  with  those  deter¬ 
mined  from  magneto-reflection  measurements  or.  high-pur iiy  cxpitaxi.il 
layers  of  GaAs  and  InP  aL  liquid-helium  temperature.  First  consider  the 
case  of  GaAs.  Recently,  Natn,  et  al . ,  measured  the  energies  of  the 
o  lines  in  the  Voigt  configuration  in  GaAs  in  magnetic  fields  up  to  45  kO 
whereas  Hess,  e_t  a_l.  have  studied  both  c  and  ~  lines  in  fields  up  to 
200  kC  using  the  Voigt  and  Faraday  configurations.  Due  to  the  very  high 
resolution  of  their  spectrometer,  Nam,  et  a_l .  ,  were  able  to  resolve  al! 
four  o  lines  at  fields  as  low  as  about  25  kb.  Using  experimentally  known 
values  of  the  conduction  electron  band  mass  (m  ) ,  the  static  dielectric 
constant  (e  ),  and  theoretically  suggested  values  of  Liie  various  Kohn- 

Luttinger  parameters  of  l.awetz.^^  (sec  Table  10),  1'uc  energies  ui  the  six 
optically  allowed  transitions  were  calculated  as  a  function  of  the  magnet 
field.  The  theorv  does  not  compare  well  with  the  exper  imcnl  .  1  ’  ^  J 
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TABLE  10 


VALUES  OF  THE  BAND-STRUCTURE  PARAMETERS  OF  GaAs .  MASS  PARAMETERS 
>1-  ">'2 .  AND  Y3  ARE  ALL  EXPRESSED  IN  TERMS  OF  FREE  ELECTRON 


MASS . 

me 

8e 

Yl 

'2 

JjL 

■s 

q 

Ref 

0.0665 

-0.44 

6.85 

2.1 

2.90 

1.2 

0.04 

50 

0.067 

-0.06 

7.65 

2.4] 

3.28 

i  .72 

0 . 04 

u 

TABLE  11 


VALUES  OF  THE  BAND-STRUCTURE  PARAMETERS  OF  !nP.  MASS  PARAMETERS 
nie>  j,  >  2 »  AND  i'3  ARE  EXPRESSED  IN  TERMS  OF  FREE  ELECTRON  MASS. 


Ref 


0.  U803 


1.31 


4 . 95 


1.65 


2.35 


0.97 


U ,  U 


0.0803  1.2 


6 . 28 


2.08 


2.76 


Hess,  et  al. ,  have  fitted  their  high-field  (y  >  2.5)  data  with  the  adiabatic 

46 

theory  of  Altarelli  and  Lipari  and  have  suggested  a  different  set  of  Kohn- 

Luttinger  parameters  (see  Table  10).  The  energies  of  the  o  lines  are  now 

calculated  using  these  parameters  and  are  compared  with  their  experimental 

A  *9 

values  as  measured  by  Nam,  e_t  alh  ,  in  Fig.  67,  and  good  agreement  is  found. 

In  Fig.  68  the  energies  of  the  e  lines  thus  calculated  are  also  compared  wit  it 

their  experimental  values  measured  by  Hess,  e_t_  a_l .  , 50  at  high  magnetic  fields. 

In  Fig.  69  a  similar  comparison  is  displayed  between  theory  and  experiment 

50 

for  -  lines  for  high  magnetic  fields.  The  theoretical  values  of  both 
and  lines  calculated  agree  very  well  with  the  experimental  values  in  CaAs 
at  all  f ields . 


Recently,  Nam,  et_  ajh  ,  “  have  measured  the  energies  of  t! 


ie  ;  *ines  m  Luc 


Voigt  configuration  in  InP  in  magnetic  fields  up  to  about  40  kd,  whereas 

Bimberg,  et_  al .  have  investigated  the  behavior  of  the  c-  and  the  lines 

in  fields  up  to  200  kG  using  both  Voigiit  and  Faraday  configurations.  Using 

the  experimentally  known  values  of  the  static  dielectric  constant  («.  )  and 

<  ' 

tlie  conduction  electron  band  mass  im  )  and  theoretically  proposed  values  of 
Lite  various  Kohn-Luttinger  parameters  of  l.avact/.3^  (see  Tahie  11),  too  oner, 


if  the  six  optically  allowed  states  have  again  been  calculated 


is  a  ! unc t ion 


*>1  the  magnetic  field.  The  agreement  beLween  Lise  theoretical  and  experimental 
values  is  not  good.  Bimberg,  et  al  .  ,  ^  *  have  fitted  their  high  field  (,  • 

data  with  tile  adiabatic  theory  ot  Kel  .  46  and  have  proposed  a  dil  lorcnt  set 
of  Kohn-I.u  1 1  inge  r  parameters  (see  Table  !  I  )  .  Using  these  p.irameters  t  he 
energies  of  the  c  lines  are  calcul.iieJ  and  compared  with  their  experimental 
V. i  I  lies  as  measured  by  Nam,  et  ■il.,'>  in  I'i',;.  70.  In  Fig.  7  1  similar!. 


mleulated  values  of  the  lines  are  compared  wi  l  ii  I  heir  ex  peri  men  la  I 
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values  as  measured  by  Bimberg,  et  al. ,53  at  high  fields.  In  both  cases  a 
good  overall  agreement  between  theory  and  experiment  is  found.  Similar 
has  also  been  found  for  the  case  of  tt  lines. 

The  magneto-optical  measurements  on  the  exciton  states  of  semiconductors 
along  with  the  use  of  the  appropriate  theoretical  calculations,  therefore, 
lead  to  the  reliable  determination  of  broad  structure  parameters  of  these 
materials . 

6.2  BOUND  MULT IEXC ITON  COMPLEXES  IN  GaAs 


Several  groups  recently  have  reported  observations  of  relatively  sharp 

photoluminescence  lines  of  energies  less  than  the  energy  of  the  line  associ- 

54  55 

ated  with  an  exciton  bound  to  a  neutral  donor  in  silicon,  germanium  and 
56  57 

silicon  carbide.  Similar  lines  have  also  been  reported  for  acceptors  in 
silicon,  although  the  study  in  this  case  is  not  so  detailed  for  the  donors. 
The  energies  and  the  widths  of  these  lines  were  such  that  they  could  not  be 
explained  in  terms  of  any  recombination  mechanism  involving  simply  a  single 
exciton  bound  to  a  neutral  shallow  impurity  center.  A  model  involving  a 
multiexciton  complex  bound  to  a  donor  (acceptor)  was  invoked  in  which  each 
line  was  associated  with  radiative  recombinations  of  an  exciton  in  the  bound 


multiexciton  complex.  The  behavior  of  these  lines  in  the  presence  of 

58  54  54 

magnetic  and  stress  fields  has  been  studied,  and  some  doubt  has  been 

cast  on  the  donor-bound  multiexciton  complex  model  in  silicon.  Recently, 

however,  Herbert,  et  al..  Thewalt,^  and  Lyon,  et.al.  have  investigated 

this  problem  in  greater  detail  and  have  been  able  to  answer  successfully  the 

objections  raised  in  Ref.  54,  thus  establishing  the  viability  of  the  bound 

multiexciton  complex  model. 
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The  following  describes  the  first  observation  of  at  least  six  sharp  photo- 
luminescence  lines  with  energies  less  than  the  energies  of  the  lines  associ¬ 
ated  with  a  radiative  recombination  of  a  single  exciton  bound  to  a  neutral 
acceptor  in  high-purity  epilayers  of  GaAs  at  liquid-helium  temperature. 

This,  as  far  as  we  know,  is  the  first  observation  of  such  lines  in  a  direct 
gap  semiconductor.  It  is  proposed  that  these  lines  arise  as  a  result  of 
radiative  recombination  of  an  exciton  in  a  multiexciton  complex  bound  to  a 
neutral  acceptor.  It  will  now  be  shown  that  this  model  can  explain  the  data 
satisfactorily. 

Experimental  Details 

The  samples  used  in  this  investigation  were  high-quality  epitaxial  layers 
grown  on  semi-insulating  GaAs:Cr  substrates  using  the  ^lAsCl^Ga  vapor- 
deposition  technique.  The  samples  were  not  intentionally  doped,  but  the 
spectra  generally  indicated  the  presence  of  zinc  (strong),  and  sometimes 
carbon  (less  strong),  acceptors  and  at  least  one  unidentified  donor  (perhaps 
silicon).  More  than  twenty  such  samples  were  investigated  with  similar 
results  in  all  cases. 

The  samples  were  mounted  in  a  strain-free  manner  on  one  end  of  a  sample 
holder  which  was,  in  turn,  placed  in  the  tip  of  a  glass  helium  Dewar.  The 
mounting  was  arranged  so  that  the  samples  were  immersed  in  liquid  He  with 
provision  for  over-vacuums  to  lower  the  bath  temperature  to  the  range 
1.2  -  2.1°K.  A  krypton  laser  ( 64 7 1  A)  with  pump-power  density  of  the  order  of 
35mW/mm^  was  used  to  pump  the  luminescence.  Spectral  analysis  of  the  photo¬ 
luminescence  spectra  was  made  with  a  modified  Bausch  and  bomb  4-m 
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grating  spectrograph  employing  a  large  high-resolution  diffraction  grating. 
Reciprocal  dispersion  at  the  wavelengths  of  interest  was  approximately 
0.54  A  mm  1  in  the  first  order.  All  of  the  spectra  were  photographically 
recorded  on  Kodak  type  1-N  spectroscopic  plates. 

Wavelength  calibration  of  the  plates  was  performed  by  fitting  well-known, 
interf erometrically  determined  neon  spectral  lines  to  the  grating  equation 
using  a  non-linear  least-squares  technique.  A  wavelength-to-energy  con¬ 
version  factor  of  12395.13  A-eV  was  used. 

Results  and  Discussion 


Typical  photoluminescence  spectra  are  displayed  in  Fig.  72.  The  lines 

marked  A^,  A^ ,  and  A^  are  due  to  radiative  recombination  of  a  single  exciton 

62 

bound  to  a  neutral  acceptor,  which  in  this  case  is  zinc.  The  line  marked 
A^  results  from  an  exciton  similarly  bound  to  a  carbon  acceptor.  The  initial 
system  consists  of  two  holes  and  a  single  electron  bound  to  a  negative  ion. 
Within  the  framework  of  the  j-j  coupling  scheme,  the  two  holes — usually 
considered  equivalent , each  having  a  j-value  of  3/2 — lead  to  two  different 
states  with  total  J  values  of  2  and  0  which  are  split  in  energy  due  to 
electrostatic  interactions.  The  J  =  2  state  is  further  split  into  J  =  5/2 
and  J  =  3/2  states  due  to  its  interaction  with  the  electron  spin  of  1/2.  The 
J  =  0  state  couples  with  the  electron  spin  and  gives  rise  to  a  J  =  1/2  state. 
Thus,  the  initial  system  consists  of  three  distinct  states  with  J  values  of 
5/2,  3/2,  and  1/2.  The  final  system,  after  the  exciton  has  recombined,  con¬ 
sists  of  a  hole  in  a  singlet  J  =  3/2  state.  The  three  lines  A^ ,  A2,  and  A^ 
arise  as  a  result  of  transitions  between  these  systems.  The  separation 
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Figure  72.  Photoluminescence  Spectra  for  GaAs  High-Purity 
Epitaxial  Specimen  Taken  at  2°K  with  1-min. 
and  3-min.  Exposures.  The  proposed  electronic 
transition  scheme  for  complexes  composed  of 
one  and  two  excitons  bound  to  the  neutral  zinc 
acceptor  is  illustrated  and  is  discussed  further 
in  the  text. 


between  ^  and  A2  lines  is  about  0.35  meV,  which  is  about  twice  the  separation 
between  A2  and  A^  The  localization  energy  of  an  exciton  bound  to  a  neutral 
acceptor  is  about  2.75  meV,  whereas  the  binding  energy  of  the  zinc  acceptor 
Is  30.7  tneV.62 

On  the  lower-energy  side  of  the  principal-bound-exciton  (PBE)  lines  is 
observed,  for  the  first  time,  a  series  of  six  sharp  lines  with  a  constant 
energy  separation  of  about  0.17  meV.  These  lines  are  observed  only  in  those 
samples  in  which  strong  PBE  lines  are  also  observed.  In  the  following  several 
possible  models  are  discussed  to  explain  the  origin  of  these  lines.  It  is 
proposed  that  only  the  model  involving  an  exciton  recombination  in  a  multi- 
exciton  complex  bound  to  a  neutral  acceptor  can  explain  the  observed  spectra 
satisfactorily. 

The  first  possibility  suggested  by  these  six  lines  is  that  they  may  result 

from  two  different  sets  of  PBE  transitions  associated  with  two  different 

chemical  acceptors  which  have  different  binding  energies  (larger  if  Haynes' 

rule  is  obeyed)  from  the  one  which  gives  rise  to  A^,  A^f  and  A^.  The 

energies  of  these  lines,  however,  do  not  agree  with  the  energies  of  PBE  lines 

62 

associated  with  different  known  chemical  acceptors  in  GaAs.  It  is  extremely 
unlikely  that  these  lines  are  associated  with  two  shallow  acceptors  which 
have  not  been  detected  previously  in  epilayers  of  GaAs  and  which  appear  only 
in  those  samples  in  which  Zn-related  PBE  lines  are  strong. 

A  second  possible  explanation  is  that  these  lines  arise  as  a  result  of 
radiative  recombination  of  an  electron  and  a  hole  belonging  to  different 
donor-acceptor  pairs  or  arise  due  to  a  radiative  recombination  of  an  exciton 
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bound  to  a  donor-acceptor  pair.  It  is  easy  to  show  that  the  positions  and 
the  separations  of  these  lines  rule  out  such  a  possibility. 

A  remaining  possibility  for  explaining  the  origin  of  these  lines  is  the 
multiple-bound-exciton  (MBE)  complex.  It  is  suggested  that  these  lines  arise 
as  a  result  of  radiative  recombination  of  an  exciton  in  a  two-exciton  complex 
bound  to  a  neutral  acceptor.  In  the  discussion  which  follows,  it  will  be 
shown  that  such  a  model  can  readily  explain  the  data  presented. 

To  determine  the  number  of  states  of  this  system,  the  j-j  coupling  scheme  is 

56 

used.  Assume,  along  with  Dean,  £t  al .  ,  that  in  the  ground  state  of  this 

system,  the  three  holes  are  equivalent  and  thus  have  the  same  orbital  quantum 
number.  This  leads  to  a  value  of  the  total  angular  momentum,  J,  for  these 
holes  equal  to  3/2.  The  two  electrons  are  assumed  to  have  their  spins  paired, 
giving  rise  to  a  total  angular  momentum  of  3/2  for  the  whole  system. 


If  we  consider  only  this  state  of  the  multiexciton  complex,  complexes  bound 

to  a  neutral  acceptor  containing  as  many  as  five  excitons  are  needed  to 

...  56 

explain  the  data — the  usual  assumption  made  by  previous  investigators. 

This  seems  rather  unlikely  in  the  present  case  because  transitions  are 
observed  even  at  low  excitation  intensities,  where  the  probability — solely 
from  kinematic  considerations- -of  having  such  large  complexes  is  very  small. 
Also,  the  intensities  of  the  lines  are  almost  the  same  (within  a  factor  of 
three),  and  this  tends  to  rule  out  the  possibility  of  large  multiexciton 

complexes . 
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If  the  possibility  is  considered  that  such  a  system  might  have  low-lying 
excited  states  (which  can  be  obtained  in  at  least  two  different  ways) , 
sufficient  multiplicity  can  be  achieved  with  the  two-exciton  model  being 
proposed. 

As  a  first  possibility,  consider  the  case  in  which  the  holes  remain  equivalent, 
but  the  two  electrons  are  assumed  to  be  in  different  orbital  states  and  are 
treated,  therefore,  as  nonequivalent.  The  maximum  value  of  the  angular 
momentum  of  the  two  electrons  is  1,  which  when  coupled  to  the  J-value  of  the 
holes  leads  to  three  different  total  angular  momentum  states:  5/2,  3/2,  and 
1/2.  It  is  also  assumed  that  the  ground-state  energy  (J  =  3/2  electron  spins 
paired)  differs  little  from  that  of  the  excited  J  =  3/2  state.  The  positions 
of  these  states  are  schematically  shown  in  Fig.  72  where  it  is  assumed  that 
the  separation  between  the  states  is  approximately  the  same  as  that  between 
the  J  =  5/2  and  J  =  3/2  levels  of  the  PBE.  The  state  corresponding  to  J  =  7/2 
shown  in  Fig.  72  arises  from  the  second  model  discussed  below.  The  final 
states  for  these  transitions  are  the  states  of  a  single  exciton  bound  to  an 
acceptor,  assumed  to  be  those  observed  experimentally,  and  have  been  discussed 
already.  It  is  suggested  that  the  six  sharp  lines  observed  may  arise  as  a 
result  of  transitions  between  the  three  states  of  the  PBE  as  shown  in  Fig.  72. 

A  second  possible  way  to  obtain  the  excited  states  of  the  initial  system  is 
to  treat  the  two  electrons  as  equivalent  but  assume  that  one  of  the  three 
holes  is  in  a  different  orbital  state  and  is,  therefore,  nonequivalent  to  the 
other  two.  Within  the  framework  of  the  j-j  coupling  scheme,  the  two  electron 
spins  are  paired  and  the  two  equivalent  holes  give  rise  to  J  =  2  and  J  =  0 
states.  The  coupling  between  the  J  =  2  state  and  the  j  =  3/2  state  of  the 
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nonequivalent  hole  then  leads  to  four  possible  different  J  states:  7/2,  5/2, 
3/2,  and  1/2.  The  coupling  between  the  J  =  0  state  and  the  j  =  3/2  state  of 
the  nonequivalent  hole  leads  to  a  J  =  3/2  state  whose  energy  is  again  assumed 
to  differ  little  from  the  other  J  =  3/2  states.  The  transitions  between 
these  four  initial  states  and  the  three  final  states  of  the  PBE  will  give 
rise  to  the  observed  lines  as  shown  in  Fig.  72.  The  transition  corresponding 
to  J  =  7/2  to  J  =  5/2  is  assumed  to  coincide  with  the  line. 

To  explain  the  observed  spectra  using  either  of  these  models,  it  has  been 
assumed  that  there  is  a  reasonably  good  probability  of  finding  the  present 
system  in  low-lying  excited  states.  This  assumption  permits  explanation  of 
the  observed  data  without  requiring  extremely  large  and  unwieldy  multiexciton 
complexes.  Two  different  ways  have  been  mentioned  of  arriving  at  the  low- 
lying  excited  states  proposed;  but  in  such  a  preliminary  model,  it  is  not 
possible  to  decide  in  favor  of  one  or  the  other.  In  both  cases,  it  was  assumed 
for  simplicity  that  all  J  =  3/2  states  have  equal  energies;  in  the  absence  of 
this  simplifying  assumption,  other  acceptable  schemes  could  also  be  proposed. 

Following  is  the  process  responsible  for  the  formation  of  multiexciton 
complexes  bound  to  neutral  acceptors  in  GaAs.  The  neutral  acceptor  sequen¬ 
tially  captures  a  free  hole  and  a  free  electron,  which  have  been  created  by 
the  exciting  radiation,  to  form  a  bound-exciton  complex.  This  complex  further 
captures,  successively,  free  excitons  to  form  two,  three,  etc.,  exciton 
complexes  with  varying  probabilities.  In  this  model  it  was  assumed  that  the 
localization  energy  of  the  second  exciton  is  somewhat  larger  than  that  of  the 

first  exciton.  This  assumption  is  consistent  with  the  recent  measurements  of 

61 

the  work  functions  of  excitons  in  bound  multiexciton  complexes  in  Si  and 
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with  the  theoretical  work  of  Herbert.  The  detailed  mechanism  of  binding  of 
multiexciton  complexes  to  neutral  impurity  centers  is,  however,  still  far 
from  clear. 

6.3  LOCALIZED  VIBRATIONAL-MODE  ABSORPTION  OF  CARBON- IMPLANTED  GaAs 

Introduction 

When  an  impurity  atom  of  mass  smaller  than  the  mass  of  Ga  and  As  atoms  is 
substituted  in  a  GaAs  lattice,  it  gives  rise  to  a  vibrational  mode  whose 
frequency  is  usually  higher  than  that  of  the  higher  eigenmode  of  the  lattices. 
As  the  introduction  of  the  impurity  atom  breaks  the  translational  symmetry , 
the  vibrations  of  the  impurity  atom  are  highly  localized.  These  localized 
vibrational  modes  are  characteristic  of  the  type  of  impurity  and  the  strengths 
with  which  this  impurity  is  coupled  with  the  surrounding  lattice. 


The  following  describes  the  first  observation  of  a  localized  vibrational  mode 

(LVM)  due  to  carbon  implanted  in  GaAs  and  its  behavior  as  a  function  of 

64  , 

annealing  temperature.  Similar  studies  for  the  case  of  aluminum,  phos¬ 
phorous,64  silicon,65  and  nitrogen66  implanted  in  GaAs  have  already  been 
reported  in  the  literature.  In  Ref.  66,  the  behavior  of  the  LVM  due  to 
nitrogen  implantation  as  a  function  of  annealing  temperature  was  found  to  be 
quite  different  from  the  behavior  of  the  other  three  impurities.  The  strength 
of  the  absorption  peak  due  to  the  LVM  of  nitrogen  decreased  slightly  with 
increasing  annealing  temperature  up  to  ~600°C,  after  which  it  dropped  rapidly, 
disappearing  completely  at  800°C.  However,  the  strengths  of  the  LVM  absorption 
peaks  due  to  Si,  Al,  and  P  implants  increased  as  a  function  of  annealing 
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temperature  up  to  about  600°C  and  then  remained  relatively  constant.  Different 
speculations  were  invoked66  to  explain  this  difference  in  behavior  between 
nitrogen  and  the  other  three  impurities. 

This  study  of  the  behavior  of  the  LVM  of  carbon  implanted  in  GaAs  was  partial 
motivated  by  the  desire  to  determine  the  behavior  of  carbon  in  comparison  with 
the  other  four  impurities.  As  a  substitutional  impurity  in  GaAs,  C  was 

first  shown  to  produce  an  LVM  at  582.4  cm  ^  at  liquid-nitrogen  temperature  by 
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Newman,  et^  al. ,  who  compared  observation  of  the  LVM  of  C  with  C  at 

561.2  cm"1. 

Experimental 

The  samples  used  in  this  study  included  both  undoped  and  Cr-doped  substrates. 

The  undoped  samples  were  n-type  with  a  free  carrier  concentration  of  3.7  * 

16  “3 

10  cm  ,  whereas  the  Cr-doped  substrates  were  semi-insulating.  All  samples 

-f-  } 

were  polished  on  one  side  prior  to  carbon-ion  implantation.  C  ions  were 

implanted  with  fluences  ranging  from  0.6  to  4.7  *  lO"*-6  ions/cm^  at  an 
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energy  of  6  MeV.  An  extrapolation  of  a  standard  LSS  range  table  to  6  MeV 
gives  an  approximate  range  of  6.4  pm  for  the  implanted  carbon  ions  in  GaAs. 

The  standard  deviation  is  approximately  0.4  pm. 

It  was  decided,  on  the  basis  of  the  results  of  some  preliminary  absorption 
studies,  to  polish  the  crystals  on  the  unimplanted  sides  also  and  to  wedge 
them  in  order  to  avoid  interference  fringes  in  the  absorption  measurements. 
This  wedging  and  mechanical  polishing  was  accomplished  without  any  visible 
harm  to  the  implanted  area.  The  mean  thickness  of  the  sample  varied  from  165 
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to  343  ym.  The  implanted  areas  were  4.7-mm-diam.  circles.  The  samples  were 
mounted  for  measurement  such  that  the  implant  areas  were  centered  over  a 
circular  aperature  of  4.0  mm  in  diam.  in  a  copper  plate.  Cellulose  tride- 
canoate  was  used  to  bond  the  samples  to  the  plate,  which  was  then  mounted 
onto  a  cold  finger  of  a  Dewar  system  having  ZnSe  windows. 


Prior  to  the  measurements,  the  samples  were  cleaned  with  trichlorethylene  and 
rinsed  with  acetone.  Uniraplanted  reference  samples  from  the  same  wafers  were 
treated  in  an  identical  manner.  In  this  experiment  annealing  was  not  done  in 
situ.  All  anneals  were  carried  out  in  a  vacuum  for  a  duration  of  1  hr. , 
after  which  the  crystals  were  remounted  for  measurement. 


The  measurements  were  carried  out  in  a  specially  designed  vacuum  grating 
monochromator,  using  Czernv-Turner  optics  having  a  focal  length  of  1.5  m. 

The  light  source  was  provided  by  a  silicon-carbide  glowbar  which  was  chopped 
at  a  frequency  of  5.93  Hz.  To  eliminate  high-energy  radiation,  the  light  was 
reflected  twice  by  MgO  reststrahlen  filter  plates  before  entering  the  slit. 

The  slit  width  used  in  this  study  yielded  an  inverse  linear  dispersion  of 
energy  and  wavelength  of  3.2  cm  Vmm  and  10.0  ym/mm,  respectively.  The  radia¬ 
tion  passing  through  the  slit  traveled  a  distance  of  1.5  m  to  the  front- 
surface  spherical  collimator-mirror  where  it  was  reflected  to  a  23  *  17  cm 
reflection  grating.  The  diffracted  light  from  the  grating  was  collected  by  a 
telescope-mirror  and  passed  through  an  exit  slit  of  the  same  size  as  the 
entrance  slit.  The  two  slits,  collimator-mirror,  grating,  and  telescope- 

mirror  comprise  the  Czerny-Turner  optical  system  which  is  advantageous  in  that 

69 

it  helps  to  cancel  out  coma.  In  these  measurements  the  grating  drive  was 
controlled  externally  by  an  automatic  scan  control  typically  set  at  2.3  cm  ^/min. 
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Results 


Some  typical  results  are  shown  in  Fig.  73,  which  contains  a  collection  of 
recorder  traces  from  a  number  of  different  measurements  on  three  separate 
crystals,  showing  the  relative  transmission  as  a  function  of  energy  (cm  ^). 
The  results  for  the  carbon-implanted  undoped  sample  show  that  annealing 
to  300°C  increases  the  strength  of  the  carbon  peak.  However,  further 
annealing  reduces  the  total  absorption  of  the  carbon  LVM.  This  decrease 
is  also  observed  in  the  chromium-doped  sample.  The  undoped  crystal  was 
implanted  with  a  dose  of  2.8  *  10  C  ions/cm  ,  whereas  the  chromium- 
doped  sample  received  an  implant  dose  of  3.0  *  10  C  ions/cm  .  For 
comparison,  the  affects  of  annealing  on  an  unimplanted,  undoped  sister 
sample  have  been  included.  From  these  traces  one  can  calculate  a  value 
of  the  integrated  LVM  absorption,  I  =  aA,  where  a  is  the  absorption  co¬ 
efficient  and  A  is  the  width  of  the  absorption  peak  at  haJ f  maximum.  It  was 

found  for  the  undoped  crystal  that  the  value  of  I.  first  increases  from  1.0 
—  9 

to  5.1  cm  “  as  the  annealing  temperature  is  raised  to  300°C.  As  the 

annealing  temperature  is  further  increased  to  500  and  650°C,  the  value  of 

-2 

I  decreases  approximately  to  1.6  and  0.2  cm  ,  respectively.  for  the 

-2 

chromium-doped  crystal,  I  decreases  from  1.0  cm  to  approximately  0  as 
the  annealing  temperature  is  raised  from  300  to  650°C. 

In  a  recent  paper  on  a  study  of  carbon,  oxygen,  and  silicon  impurities 
in  GaAs ,  Brozel,  et  al. ,7°  provided  a  calibration  for  the  strength  of  the 
LVM  absorption  as  a  function  of  concentration,  namely,  i  cm  2  corre¬ 

sponds  to  2.4  x  1016  ions /cm''.  According  to  this  calibration  the 
largest  LVM  absorption  value  at:  300°C  (annealing  temperature)  for  the 
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Discussion 


r  t 
\  "* 


i. 


The  results  on  carbon  implants  show  them  to  sham  u.ilnu-.  wilu  Mate  in.-  N 
arul  the  Si,  Ai  ,  and  P  implants.  For  anneal  i.i-;  i  emperai  nr  os  Pilaw  i'.'P'e,  t  n 
carbon  l.VM  absorption  increases— a  resalt  sisii  iar  la  t  in-  .  am.-  .  Si,  i  ,  .< 
!’.  However,  in  contrast  to  the  latter  three  s|»e«  ies,  tin-  carbon  l.VM  abn.o  ; 
lion  decreases  rapidly  at  temperatures  above  iOirV  (similar  i.>  ;  m  .  i.-r 

N)  • 


In  summary ,  it  is  concluded  that  the  l.VM  f  or  ion-  i  ir.p  I  anted  c  in  tiaAs  h.i 
been  observed  and  that  it  occurs  at  the  same  i'ro<|u>iie\  repot  ted  ’ '  hi  eurlmn- 
doped  CaAs .  1'ti  r  lliermor  e ,  the  measurement:  imp!'-  I  hat  oven  under  invar.  mU 
anneal  in);  temperatures ,  only  about  b  •»  I  t  lie  impl  aiitod  cat  i>uii  .a  oti-..-.  i  !  i  lie 
imp  I .  i  n  t  (lose  of  the  experiment)  are  to  be  I  omul  in  isoialed  nil  a  ilul  iniui 

i  ■  i  L  es  .  Therel  are,  it  in  suggest  ed  tii.it  ei  t  her  appi  i  .  i  ■!■  1 e  .  I  is!,  i  1 1; i 

taking  place  and/or  a  large  number  ai  i  it*-  i.ir!e;i  il.'in:.  ■■■  ■  up  '  i  n!  ••  i -M  i  i  i  1 1 
posit  tuns  in  Lac  I'.aAs  i  at  t  ii  e  .  Another  exp  I  a;,  i  t  i  •  o;:;!a  i  uv  !  vr  ••!)•  i  >'■ 

i  hi  L  d  i  I  I  ii  i  i  >11  ■>!  i  a  r  i>-  >n  t  ii  rough  the  il  aniaj'.i  ■*  I  in  i  i  mi  .  I  i  Mil  inn  l  •  •  l  " 

P.'H  i  in  ^  i  :n  Imii  lA’M,  another  w>.ik  ,  ila.af  |>l  Pm  >.  lijua  I  .iljlsi  am  i  i  c  a 

been  nil  .eivcil  .  ini  tlicr  stud.  i.  r  >  '•  i  i  1  d  1"  'imlei  I  uni  ■■■■!',  it,.  .  | .  . . 
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6.  A  EMISSION  SPECTRA  FROM  C.aAs  FET-LIKE  STRUCTURES 

lm.rudticti.un 

The  development  of  GaAs  FET's  has  created  greac  interest  in  t he  investiga¬ 
tion  of  techniques  to  isolate  the  moderately  doped  active  epitaxial iv 
deposited  films  from  the  less  controlled  bulk-grown  substrates  on  which 
they  are  placed.  Many  manufacturers  are  using  a  high- purity  epitaxial 
layer  (buffer)  deposited  between  the  active  region  and  tin  substrates  to 
provide  such  isolation.  The  following  describes  t  lie  use  oi  1  .user-pumped 
photo luminescence  as  a  non-destructive  probe  technique  to  invest  ig.il e 
sharp  transition  lines  originating  from  the  technological ]y  important  Intel- 
lace  teg  ion  between  the  a. Live  and  huiier  epi-l.ivtrs. 

F.xjier  imeju  ai _ Procedure 
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Samples  13/77  anti  33/77 


Citation  and  consisted  ol  active 


were  grow::  I'spci’  ia  1  1  v  lot  this  inves- 
layers  thicker  than  coujd  be  used  for  1’HTs ; 


tiie  remainder  were  produced  during  KIM  development  research. 


Photoiuminescence  measurements  were  made  using  a  krypton- ion  laser  as  a  pump 
sourie  at  wavelengths  of  6471,  5308,  or  47(>2.\.  Pump  power  could  be  varied 
from  about  .13  L’  jjtl  niW  anti  focused  lr  a  cgot-sise  <•!  aout  1.3  :m:i  d  i  am. 
Pumping  radiation  was  nearly  normally  incident  on  the  sample  surface  (.  15° 

!  rom  normal).  Samples  were  cooled  b"  immersion  in  liquid  hei  iuir.  t  less 
than  3  ’  K  and  could  be  subjected  to  an  external  magnet  i<.  field  of  up  to  43  k(l 
supplied  i:  v  a  con  veil  t  i  ona  1  iron-core  elec,  rora.tgaei  . 


Luminescence  was  collected  in  a  cone  wit1:  half-angle  of  about  12°  and 
focused  on  the  entrance  slit  on  a  modified  4-nt- local- h-sigt  1:  liuuscii  and  bomb 
grating  spectrometer. 

Pat  a  i.'i'i'l:  collected  eii  Kodak  Type  1-N  spec  t  rogl'.ipli  i  e  plates  wii.ii  linear  dis- 
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CHARACTERISTICS 


toaiumi 


structureless,  luminescence  in  the  near  gap  region,  while  those  which  combine 
non-rad iat ively  are  not  detected  using  the  present  technique.  The  observation 
ot  sharp-line  structure  reported  here  supports  the  contention  that  a  sigiiili- 
cant  number  of  the  carriers  diffuse  through  the  highly  doped  Layer  and  enter 
the  less-doped  buffer  region  before  they  recombine.  Our  observation  .0 
dominant  sharp-line  structure,  even  in  samples  with  A  to  5  pm  of  highly-doped 
active  region,  tends  to  support  the  existence  of  large  minority-carrier 
diffusion  lengths  (2  pm  or  greater)  reported  previously  in  GaAs  doped  at  the 
10^'  level/^  ^  although  in  the  referenced  works  the  samples  were  not  equiva¬ 
lent  to  those  used  in  this  study.  All  employed  room- temperature  measurements 
in  which  scattering  mechanisms  and  surface  recombination  might  be  quite  dif¬ 
ferent  than  at  d^K.  Further,  only  Fttenberg^  used  epitaxial  layers  in  which 
peak  mobilities  are  considerably  enhanced  compared  to  bulk-grown  material; 
but,  in  that  study,  the  minority  carriers  were  electrons.  Direct  laser 

pumping  of  the  interface  as  a  viable  explanation  for  our  observations  lias 

A  - 1 

been  eliminated  because  of  well-documented  absorption  coefficients  >  1 l"*  l-'r'1 

at  the  wavelength  employed  in  this  study  (see  Ref .  76). 

Kttenherg’s  convincing  experimental  observation  3  argues  strongly  against 
recombination  radiation  as  a  viable  source  of  pumping  energy  for  interface 
transitions.  This  mechanism  is  further  rejected  in  the  present  stud.-  bis  n  o 
of  tlie  low  probability  that  recombination  photons  created  in  the  higiilv  doped 
region  neat  the  surface  would  have  sufficient  energy  to  pump  the  ex.  il.ui 
states  at  the  interface.  For  the  impurity  densities  considered  in  lie.'  .olive 
regions  of  our  samples,  the  position  ol  the  Fermi  level  will  he  .it  or  ol'evo 
tiie  I  iw-i  i'lioenl  l  it  ion  conduction-band  minimum.''  The  imperil-.  Ice.. I  will 
extend  below  the  Fermi  level  from  6  le  20  me V ,  depending  up"U  the  dop.ml 


I  MO 


concent  rat  ion.  The  highest  probability  tor  recomb  inat  ion  r.uii.iLion  iron 
this  region  will  involve  electrons  near  the  iir.pur  i  tv-band  minimum  a  ml  holes 
near  the  k  =  0  valence-band  maximum  (since  the  hole  densities  will  generally 
lie  very  small).  Such  photons  will  have  energies  1  rum  0  lo  2u  neV  less  than 
Lhe  i ow- concent ra t ion-gap  energy  and  hence  will  tall  in  the  range  of  1.5nh 
to  1.51.3  eV  at  liquid-helium  temperatures.  The  probiibilitv  of  reahsorption 
oi  ti'.ese  low-energy  piiotuns  in  the  interlace  or  hot  for-  i  a\ e  r  regions  is 
exceed ing 1 v  small  since  they  are  incapable  of  exciting  transitions  across 
the  fundamental  gap. 

The  existence  ot  an  interface  zone  light  Is  doped  by  ind if  fusion  of  the  active 
lover  dopant  (sulfur)  as  well  as  inherent  impurities  (silicon.,  cine,  etc.)  is 
supported  by  the  observation  of  a  clearLv  defined  doublet  due  to  ex-'tton. 
binding  to  two  donor  species  (1.51412-  and  1  ,  !>  I  I  7  -oV  peaks.  Fig.  7b) .  Scquc 
tial  chemical  etc  Itiitg  of  the  surface  (using  H  ,() , :  II  ,S0,  :  P  t1)  resulted  in 
the  disappearance  of  the  lower-energy  peak  (sulfur)  as  one  would  expect  when 
the  dit  fusion  distance  of  the  dopant  is  exceeded.  ,\  residual  shallow 
donor  (tentatively  identified  as  silicon)  remained  through  the  bn  I  for  layer . 
Alinuugh  a  direct  Hall  measurement  of  the  interface  diffusion  region  is 
difficult,  the  nature  of  photoluminescenco  suggests  that  the  layer  is  n-tvpc, 
unlike  the  buffer,  but  with  ju  impurity  eoiieentr.it  ion  of  <  111**’  cm  \ 

Spec  L  ra 

As  ind  icaled  in  Table  12,  spectra  from  these  samples  had  many  structural 
characteristics  in  common.  While  phot olumlnosoonce  intensity  and  qua  I  i  l  v 
(line  widths,  minib'T  of  lines  produced,  etc.)  varied  in  a  somewhat 


unpredictable  manner  from  sample  to  sample,  all  spectra  did  contain  the  same 

recognizable  donor-bound  exoiton  doublet  and  one  or  more  of  the  lines  marked 

A  through  F  in  Fig,  76.  Sample  43/77 ,  which  was  coincidentally  the  thickest 

but  1 ur  layer,  indicated  two  additional,  much  weaker,  d<m.>r-bouud  cxe i I  on 

peaks  at  1 . 51414  and  1. 51422  eV.  Several  of  the  samples  produced  spectral 

structure  identifiable  as  shallow  acceptor-bound  excitons,  lot  in  all  cases 

this  structure  was  very  weak  and  can  probable  be  traced  to  the  residual  tin.. 

73 

impurity  nearly  always  found  in  VPE  C.aAs.  '  Sample  '.3/77  also  contained  a 

second  acceptor  with  slightly  less  exciter,  binding  energy  (-0.4  moV  less  linn 

/  H 

Zn-bound  exciton)  which  mighL  tentatively  be  iden'.  ilied  as  tic,  bin  no 
confirmation  for  such  an  ident if ication  exists. 


It  is  interesting  to  note  that  ail  of  the  spectra  (except  I  J<>; 7n)  were  domic  i- 
teu  by  the  strong  donor-bound  exciter,  lines,  with  the  lines  A  through  F  koine 
considerably  weaker  by  comparison.  Sample  13676  (Fig.  77)  produced  a  signiii 
cantlv  different  spectrum,  obviously  dominuLetl  by  the  line  13  and,  to  a  less.i 
extenL,  A,  rat  Iter  than  the  donor-bound  oxcit.ms  (seen  at  1.51'-  eV)  .  As  t  la 

active  layers  wore  removed ,  by  etching,  from  samples  J  17/ 7<i  and  1  1/77 ,  s  io  i i 
spectral  characteristics  became  more  similar  to  those  of  1 36/76  i ,  ■  th.ii 
or  a] L  of  lines  A  through  F  tended  to  dominate  the  shallow  structure.  It 
concluded,  there  tore,  that  lines  A  through  F  rise  i  rom  we  I, an  i  sms  d  i  I  tercet 
from  tlie  shallow  hydrogenic  donor-bountl  excitons  and  ..re  prohalo  v  more 
characteristic  of  the  buffer  material  than  the  lighllv  doped  n-l'.pe  ini.  i  i  ...  . 
region. 


The  two 


exc i ton 


samples 
I  ine  at 


grown  on  oxvgen— doped  huifers  also  pi  educed  tin  deep  bound 

7  H 

l . 4889  eV  associated  with  oxygen,  and  this  line  was  m.| 
he  sample:,  iuh  inl.-n:  ion.il  I  v  boned  . 
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.in  v  o  f 
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The  behavior  of  l  lie  donor-bound  exe.ilun  doublet  in  an  applied  magnetic  field 


is  sue  wit  in  Tie,.  7ti,  and  the  linear  Zeeman  Ian  construe  t  ion  !  or  l  lie.se  Jala  is 
shown  in  Tig.  79.  It  is  clear  from  Tig.  79  that  unambiguous  line  assignments 
lor  these  transitions  have  not  been  aceompl  i.sned  due  to  the  complexity  of 
the'  data,  although  the  general  linear  splitting  of  the  lines  is  clear.  While 
the  data  did  not  permit  determinat ion  of  electron  and  hole  g-lacters  for  this 
e.xciton  complex,  it  was  sufficiently  well  defined  that  a  determinat  ion  of  the 
quadrat  ic  <  d  iamagnei  ic  )  shift  ooet’f  ie  ionis,  plotted  in  Fig.  til,  could  be 
per  t  ermed . 


Since  several  of  the  samples  produced  spectra  in  viiici:  lines  A  and  15  were 

well  i.-,oi.itad  and  intense,  magnetic  character  is*.  ic<  of  these  lines  were  ntoto 

easily  obtained .  The  behavior  of  Lite  lines  is  shown  in  Fig.  80.  Bo  lit  lines 

produced  well-defined  linear  Zeeman  splittings.  The  multiplicity  of  line  Is 

suggests  ,i  transition  involving  i  =  3/1  (Stole)  and  j  =  1/1  (electron)  states 

leading  to  v  ;t  iculation  of  Lite  hole  and  electron  g-f  actor  as  O.ai  .ate  0. 3(>, 

respect  ivelv.  Figure  81  illustrates  the  fit  to  suc.it  a  mode!  for  the  peaks 

measured  at  <1 . 3-ktl  appled  field.  The  direction  of  this  transition  is  not 

directly  defined  by  the  data,  hut  the  simplest  model  available  would  he  vith 

the  initial  state  having  two  paired  electrons  and  a  hole  (similar  l  >  the 

donor-bound  excilon)  and  the  final  stall - a  single  eleetroa.  A  simple  doii.u- 

he.unil  exeiton  is  eliminated  as  a  possibility  because  of  a  elearlv  diflerettl 

d  iamagnel i .  hiitl  for  complex  B  compared  to  the  (S°,  X)  and  (Si°,  X>  eomplexe 

(Fig.  81).  The  next  simplest  model  is  the  doublo-doner-.iei  ept  or  complex 
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Figure  82.  Diamagnetic  Shift  of  Various  Sharp  Fines  .is  a  1'iiiniioi: 

of  Transition  Energy.  Straight  lines  indicated  are 
suggested  by  the  data  hut  are  not  related  to  a 
theoretical  model.  Tin-bound  on  ii.r,  line  after 
Sclia  irer  ,  ej:  .il.^' 
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Lino  A  showed  no  additional  structure  in  any  sample  except  the  doublet  plot 
tod  in  bit;.  HU.  We  note  that  Lite  linear  splitting  of  Litis  line  is  markedly 
greater  than  that  observed  for  other  lines  in  tills  region,  although  without 
additional  structural  features,  neither  a  model  or  a  meaningful  measure  of 
g-laelers  can  result.  The  diamagnetic  shift  for  line  A  is  comparable  to 
the  donor-bound  exeitons  as  seen  in  Figs.  78,  80,  and  82. 

Final iv,  certain  similarities  are  noted  in  the  diamagnetic  behavior  of 
various  sharp  lines  reported  here  and  elsewhere  and  shown  in  Fig,  82.  One 
would  expect  iii.it  the  quadratic  shift  for  similar  centers  should  increase 
with,  transition  energy  as  shown  qualitative!.',  since  such  an  increase  in 
tr.iis-.it  i -'i:  energy  represents  a  decrease  in  Lite  binding  energy  of  the  asso¬ 
ciated  carriers.  Analysis  of  the  simple  hydrogenic  system  suggests  that  th 
diamagnetic  coc f t ic lent  should  vary  inversely  as  the  cube  of  the  binding 
energy.  Nolo  that  many  unsettling  simplifications  are  required  to  evolve  a 
similar  theoretical  expectation  for  the  behavior  of  the  complex  systems 
described  here,  and  success  has  not  been  achieved  in  this  regard .  It  is 

tS  i ) 

interest ing  to  note  nevertheless  that  the  nehavior  oi  complexes  11  and  X 
appears  unusual  with  regard  to  Lii.it  of  the  simple  center  bound  exciton 
i  c-npl  exes  associated  wi.Lii  tin,  sulfur,  .aid  silicon. 

tout  inning  investigations  will  provide  correlation  oi  the  behavior  of  buffi 
I  I'.i-r  FIT  devices  with  Liio  presence  of  impurities  and  ir.puriLv  complexes  in 
the  inti'll. ice  region  as  reported  here.  The  development  photo!  uminoscene 
a  i  sons  i  t  i  ve  and  non-destructive  lee  unique  wliicii  can  he  em, 'loved  during 
device  processing  should  greatl;,  enhance  this  el  fort. 
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automated  LUMINESCENT  topographic  system 


Automated  luminescent  topographic  system 

Michael  J  Luciano 

.S'v\.v»m  Ki-ii-drvft  i.jhttrjtonc\  Ir.i  2XiX)  Indian  H !/-/’/«  Ri>ati.  fhiyuai  Ohio  J.W-f'1 

D  L  Kingston 

Airl  .iii  .  l  juratory.  1 I  H  1  ’■  ■  i*-4  M 

(RcvowJ  4  Jane  N7 hi  final  iV-rm.  '1  Jui>  W*7» 

A  new  optical-scanning  technique  with  a  spatial  resolution  of  10  urn  has  been  developed  for 
the  observation  of  surface  luminescence.  The  phololuminesceiice  topographic  leclinicpie  is  a 
fully  automated  s\ stern  capable  of  measuring  luminescence  intensity  from  a  surface  area  as 
large  as  25. S  enr  as  well  as  the  actual  luminescence  spectra  from  a  spot  as  small  as  10  jam  in 
diameter.  The  system  consists  of  an  Ar-ion  laser  for  excitation,  a  bidirectional  scanner  with 
focusing  lens,  a  spectrometer  for  high  spectral  resolution,  and  a  photomultiplier  for  photon 
counting  hxpcrimenlal  control  ami  data  acquisition  and  display  are  performed  b>  a  Hewlett 
Packard  4820A  calculator  and  interface  package  Applications  ot  ihc  technique  in  the  analysis 
of  impurity  segregation  in  semiconductor  wafers  are  illustrated 


INTRODUCTION 

The  optical  technique  ot  photoliiminescenee  is  highly 
sensitive  ami  has  long  been  applied  to  the  analysis  of 
trace  iinpmities  In  addition  to  its  quantitative  applica¬ 
tions,  phololuiimicsceiicc  also  y  lelds  unpoi  tarn  mloima 
lion  concerning  the  energy  levels  of  impurities  in  ihc 
bandgap  of  semiconductors.' 

The  technique  of  photolumincsccncc  topography  as 
developed  here  not  only  takes  advantage  of  these  two 
applications  of  photoliiminescenee  bul  also  pci  mils 
measurements  to  be  made  on  any  spot  ranging  in  size 
from  It)  to  500  ^m  in  diameter  within  an  area  as  large 
as  25. tt  enr'  t  he  depth  to  which  the  measurement  is 
made  is  determined  by  the  absorption  coefficient  of 
the  material  undei  investigation  for  the  photon  energy 
ot  the  excitation  source 

I  he  putpose  of  this  paper  is  to  describe  in  detail  the 
components  ot  this  instrument  and  to  show  its  applica 
lion  in  the  analysis  of  semiconductor-device  material 

I.  INSTRUMENTATION 

I  he  system  consists  ot  six  basic  components.  Ill  ex¬ 
citation  source.  i2>  optical  scanner  and  focusing  tens, 
(J)  sample  holder  and  helium  Dewar  for  low -tempera¬ 
ture  analysis.  (4)  spectrometer  for  high  spectral  resold 
turn,  (5)  photomultiplier  and  electronics  fot  photon 
counting,  and  |bi  programmable  calculator  and  interface 
lor  experimental  control  and  dala  processing  I  lie 
system  is  shown  schematically  in  t  ig’  I 

A.  Excitation  source 

A  Spectra  Physics  Al-ion  laser  was  used  as  Ihc  ex 
citation  souive  to  provide  coherent  high  intensity  light 
The  maximum  output  power  al  M4  5  niv.  was  I  W  A 
Spectra  I’hvsies  beam  expander  was  used  to  produce  a 
2  54  cm  coherent  beam  The  beam  expander  distributes 


the  intensity  ol  the  beam  mei  a  huge  aiea.  llius  pic- 
veiiling  excessive  heating  ol  ihc  front -surtace  mirrors 
and  neutral  density  liltets  and  icducitig  problems  that 
may  arise  due  to  material  inhomogeneiiy .  The  large 
diaaielei  beam  also  increases  the  ease  and  accuracy 
with  which  the  beam  may  be  focused  to  a  Miudl-diain- 
etei  spoi  l  uially.  ncutial  density  tillers  an  'a. red 
in  the  light  palh  to  vary  the  power  of  the  laser  -earn. 

B.  Optic  and  scanner 

I  he  o  cal  scannet  is  the  heart  ot  the  s  stem.  I  s 
purpose  -  1  .fold  —  first,  it  sc;  the  .used  lasei 
beam  in  two  orthogonal  direct  ions  perpe  ..alai  to  liie 
surface  plane  ol  the  sample  and,  secondly,  it  colli  vis 
luminescent  emission  tiom  the  sample  and  foi  ,'C'  it 
into  Ihc  spectroinelet 

Ihc  scanning  system  as  shown  in  lug  2  consists  ol 
an  Oriel  achromatic  dielectnc  beaiiisplilter  ss hie h  ictlccls 
40' i  o*  ie  laser  powci  onto  a  .elcrence  photomul¬ 
tiplier  foi  mou, ..u  ing  the  output  power  of  the  laser  I  he 
liansiiulled  liglu  falls  onto  the  lust  front  suit. wed 
iiiinoi  and  is  directed  upwaids  at  a  Vtf  angle  in  the 
plane  of  the  lasei  beam  wlieie  the  second  uiuioi  dclhvls 
the  beam  90  pei  pcndicuiai  to  the  laser  plane  I  lie 
beam  the.)  passes  thiough  the  focusing  lens  I  he  lust 
miiTor  m  its  mount  is  attached  to  a  lianslatioual  stage 
which  moves  along  the  axis  ol  the  lasei  beam,  pii-Juvmg 
a  horizontal  tianslational  acn»s  the  sample  I  he  second 
muroi  in  its  mount  moves  along  the  plane  Doiuial  to 
the  lasei  beam,  piodiiemg  the  veilieal  scan  ol  the  sain 
pie.  In  addiliou.  I  he  vren:id  nnnoi  is  rigidly  attached 
to  the  lirsl  tiaiislalion.il  siage  and  ,o  a  lesiill  the  he  HD 

dm  mg  the  hoi  i/ooial  it. nisi. moo  always  ■  o  -V  .-s  ’lie 
same  spoi  on  the  second  nnnoi  lo  uisine  that  the 
venter  ol  the  beam  always  passes  tluongh  the  cento 
of  the  lens,  the  lens  inoiiiu  is  iigulli  attached  lo  the 
second  tianslational  stage  I  lie  lens  ilsell  is  used  both 
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lo  focus  the  lasoi  beam  to  (he  desired  spot  si/e  and 
to  collect  ihe  luminescent  emission.  The  lens  nianu 
factored  by  Special  Optics  is  an  air-spaced  diffraction- 
limited  doublet  with  175-mni  focal  length  and  a  5-cm 
clear  aperture  Ihe  '  -ns  is  coaled  for  optimum  per¬ 
formance  The  '  capable  of  producing  a  hlur  circle 
f  //ni  m  dianielci.  I  he  luminescent  emission  is  col¬ 
lected  by  the  focusing  lens  and  follows  the  same  optical 
path  as  the  laser  Once  the  light  reaches  the  beam¬ 
splitter,  n  is  directed  toward  a  lens  which  focuses  the 
emission  on  the  slits  of  the  spectrometer. 


size  will  be  uniform  over  the  sample  surface.  The  Dewar 
is  rigidly  he  Id  in  position  within  a  steel  ftamewoik 
mounted  to  a  base  plate.  I  he  base  plate  is  connected, 
through  a  system  of  hall  bushings,  to  a  high-precision 
lead  screw.  This  allows  Ihe  lianslation  of  the  Dewar 
assembly  along  the  axis  of  the  focused  beam.  Adjust¬ 
ments  of  the  lead  screw,  produce*  the  desiled  spot 
st/e  on  the  sample,  and  the  movement  ol  the  lead  screw 
is  accuiate  to  -12.7  /ant  A  translation  of  25.4  /a m  is 
equivalent  to  a  10-^m  increase  :n  spot  diameter. 

D.  Spectrometer 

The  spectrometer  used  for  wavelength  selection  and 
spectral  scanning  was  a  Spec  14(11  C/ciity-Tui ucr  with 
ll.85-m  focal  length  and  /  7  K  optical  apcituic.  Since 
the  second  pass  of  the  instrument  can  separate  any 
laset  excitation  reflected  from  the  sample  into  the  spee¬ 
dometer.  a  suitable  tiller  is  needed  to  accomplish  this 
separation  when  onl\  one  pass  of  the  spectrometer  is 
used  and  the  wavelength  of  the  inflected  light  is  suffi¬ 
ciently  separated  fioni  the  wavelength  of  the  lumines¬ 
cence  A  t  dSc  filter  is  presently  being  used  for  this 
purpose.  To  increase  the  optical  throughput,  only  one- 
half  of  the  double-pass  instiuincnt  was  used.  This 
instrument  provides  the  spectral  resolution  needed  for 
the  present  investigations  The  dispersion  at  M2  N  urn 
is  II  cm  'mm  and  ihe  icsolution  at  l'7l>.|  nm  Ordei 
I  is  nm. 

E.  Photomultiplier  and  photon  counting 


C.  Sample  holder  and  helium  Dewar 

Since  ,t  was  necessary  to  cool  the  sample  below  10  K. 
Ihe  sample  was  mounted  to  the  cold  linger  of  a  helium 
Dew  ar  The  sample  mount  has  adjustments  to  permit  the 
surface  plane  of  the  sample  lo  be  positioned  perpendicu¬ 
lar  to  the  focused  laset  beam  This  insure*)  that  the  spot 


The  photomultiplier  is  mounted  at  the  exit  slit  of  the 
spectiomelei  and  is  contained  in  a  thcrmo-cleetucnlly 
cooled  housing  to  dcciease  the  dark  current.  The  signal 
generated  at  the  output  of  the  pholonuiltiplici  is  con¬ 
nected  <o  an  SSK  photon-counting  system.  When  used 
in  conjunction  wuh  a  chopper,  the  instrument  van  dis 
pl.iy  signal  plus-background  count,  background  count. 
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and  (he  sum  and  difference  ot  ihe  fornici  and  lallei 
quantities.  The  photon-counting  system  digitizes  the 
signal  and  eolleels  the  data  as  counts  per  unit  time 
and  is  remotely  controlled  b\  the  ealeulatoi  system 

F.  Experimental  control  and  data  acquisition 

An  lll’.yS2»A  ealeulatoi.  when  interfaced  to  an  111' 
257(IA  eouplei  controller  is  capable  ot  conliollmg 
the  se, inner,  SSK  photon  eountei.  and  multichannel 
analv/er  Data  are  sloied  petniaricntly  r'n  eas>etie 
tapes  and  displayed  on  tin  .V-  )  plotter 

I  he  HI’-2S70A  couplet  controller  is  a  programmable 
bidirectional  link  capable  of  controlling  various  intei 
face  bo. nils  through  the  ASCII  code.  Commands  gen 
crated  b\  the  calculator  are  sent  to  a  specific  boaio 
in  the  coupler  conttollei  which  concerts  the  commands 
tii  X-bit  ASCII  code  I  he  commands  arc  placed  on  Me 
ASCII  bus  backplane  and  scut  to  Ihe  desired  boaul. 
which  interfaces  to  the  final  insiniineiil  for  control  and 
data  acquisition. 

Signals  are  sent  to  the  SSK  photon  counter  foi  auto 
malic  programming  through  a  binary -coded-do.  im.il 
(BCD)  output  boaid  in  the  coupler  controllci  l  sing 
the  propel  set  ol  sominands.  one  call  select  the  time 
of  measurement  .the  part  ie  til  at  mode  of  data  acquisition 
and  aiso  the  type  ol  data  to  he  displayed,  t  c  ,  signal 
plus-background,  h.tckgioimd.  and  llicit  sum  and  dillet 
cnee  The  measurement  is  initiated  and  the  data  col 
leeled  by  using  the  pioper  interface  between  the  SSK 
and  the  BCD  input  card  ol  the  coupler  controllci 
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(2)  constant  x,  constant  .vf.vi,  varying  yt.v)  —  onc-linc 
topograph, 

(3)  constant  K ,  varying  v.v  —  full  topograph. 

The  first  type  of  measurement  provides  a  spectral 
scan  at  one  specific  spot  on  the  wafer.  Of  course,  the 
spot  may  be  positioned  at  any  a.v  coordinate  on  the 
vvufet  before  the  scan  is  begun.  The  second  mens- 
moment  can  be  made  at  any  selected  wavelength  and 
displayed  on  the  scope  of  the  MCA.  This  provides  an 
analog  output  of  the  luminescence  variation  along  one  of 
the  translation  axes  The  third  measurement  can  be  made 
at  a  selected  wavelength  to  provide  a  full  topograph 
of  the  luminescence  emitted  from  the  sample. 

Figure  3  shows  a  typical  luminescence  spectrum  for 
a  high -purity  GaAs  opilaycr.  The  spectrum  was  taken 
at  HK  The  peaks  corresponding  to  the  transitions 
from  donor  to  valence  band,  conduction  band  to  ac- 
ceptoi .  and  donor  to  acceptor  are  labeled  DV,  CA.  and 
DA.  respectively.  The  wavelengths  corresponding  to 
these  are  determined,  and  for  each  wavelength  the 
spatial  distribution  of  luminescence  intensity  over  the 
surface  of  the  sample  is  measured. 

Figure  4  is  a  topograph  obtained  from  monitoring  the 
maximum  of  the  I)V  luminescence  intensity  Segments 
of  the  intensity  scale  are  represented  by  different  colors. 
The  spatial  resolution  of  the  DV  luminescence  intensity 
is  thus  represented  by  a  matrix  of  points  having  corre¬ 
sponding  colors.  The  single-crystal  wafer  measured 
-3  *  3  cm.  The  laser  beam  was  focused  to  500  ^m. 
and  each  measurement  was  made  after  stepping  250  gm. 
The  different  grid  patterns  correspond  to  various  inten¬ 
sities  of  luminescence  as  shown  at  the  right  o!  the  figure. 
The  topograph  indicates  considerable  variation  in  the 
luminescence  over  the  surface  of  the  crystal.  The  actual 
variation  would  be  useful  information  for  the  crystal 
grower  who  is  interested  in  the  correlation  between  the 


crystal  orientation  in  the  furnace  and  the  uniformity  of 
the  gtown  epilavei .  The  luminescence  distribution  may 
also  be  cot  related  with  final  device  efficiency.  Further 
more,  the  availability  of  the  data  on  magnetic  tape  also 
facilitates  its  representation  as  a  histogram  tsee  Fig.  5) 
w  hich  can  be  used  as  a  guide  for  overall  quality  assur¬ 
ance  In  the  present  example  it  can  he  seen  that  75 r', 
ol  the  wafei  would  qualify  as  a  device  if  the  tolerance 
limit  were  set  at  ±14','  of  the  mean  value;  however, 
only  2Hri  would  qualify  fora  hypothetical  tolerance  limit 
of  ±4'V  of  the  mean  value.  Numerous  other  statistical 
analyses  can  be  performed  with  the  stored  data  to 
facilitate  the  characterization  of  the  material.  In  addi¬ 
tion  similar  topographs  can  be  made  for  the  other  optical 
transitions  in  GaAs 

This  type  of  analysis  should  be  useful  in  pi  editing 
which  areas  of  a  walei  should  produce  efficient  solid- 
state  devices.  Using  a  novel  theoretical  analysis  ol 
luminescence  data/1  the  topographic  data  can  he  used 
to  calculate  various  electrical  parameters  such  as  donor 
and  acceptor  concentrations  and  carrier  mobilities.  The 
distribution  of  these  parameters  can  then  he  mapped 
with  the  same  spatial  resolution  as  the  luminescence 
measurements. 
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EXCtTAT  ION  INTENSITY  (owl 

nu.  I,  (a)  A  typica!  phoU'lunuircscrncc  spectrum  from  a  hjgv 
quality  GaAa  epitaxial  layer  sample  at  about  8  K.  Ep  E.  -  E. 
and  EA  -  Et  -  EA.  lb)  lnteytratixi  emission  mien  sit  te  f  due  to  the 
oonduillon-hano— to— neutral  - a ccx’plor  tCA).  neutral-donor— 
to— valence-band  HIV),  and  neutral-damor— to —  neutral  aeix'ptor 
(HA)  transitions  versus  the  excitation  intensity. 

can  be  done  as  follows  In  the  high  excitation  limit,  we 
expecl  that  ti0-N0  and  »„  -  S  A ,  and  the  charge  neutral 
ity  condition  yields  />-*«.  On  the  other  hand,  in  the  low 
excitation  limit,  np  -  S’e  -  ,V„  and  nA  -  0  lor  then -type 
or  «u-Oand  nA  -  SA  -  i\'£  (or  the  p  -type  materials, 
respectively,  since  at  low  temperature  the  numbers  of 
thermally  excited  electrons  and  holes  are  negligibly 
small,  l/>- nl  \HU -SA  I .  Thus ,  getting  the  expressions 
(or  rip,  nA ,  n,  and  p  in  terms  o(  SD  and  XA  ,  and  taking 
the  liniiling  values  ol  them,  one  oblams  Hie  following 
results  tor  /'-type  material' 


lim  b  , 

c  -  c 

-  (SA  -  Sq  )  »tffr  -  lim  Fj, 

m 

lull  f  j 

G  -  • 

-  A’ A  /A'n  ^  linj  yit 

(8) 

with 

f\=[f0A ii*o  vr*, 

-(lBAV/C)';\ 

><  -csv, 

r  =  (t ♦  V)(i-p  <-■)■'  -1 2ft(i  -p  V), 

l>=^A-^0)»'f0A%A)-'n. 

(  ~  M(  A'  IpA  Hfoik-  fA  J1 .  1  '  Ifpi  /4x  H/pa  '  So  1* , 

where  G  denotes  the  excitation  intensity.  For  »i-typo 
material,  the  equivalent  formulas  are  obtained  by  sim¬ 
ply  interchanging  donor  and  acceptor  variables.  The 
value  of  SA~SD  can  be  determined  by  the  limiting  value 
of  t\  or  in  two  distinctive  different  cases  involving 
opposite  limits  of  the  excitation  dependence.  The  result 
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fnmi  /  .  %-r  !  -  r.»  fur  l  .  on  lb*.1  <>t|,cr  hand,  !.*r 

i  .  ( !  i .  -  : . :  i « . 

Mil  -  silu-'iii  ..us  ■»..  .i  |  • , '  1 1 1  I  l.  llu‘  tn'l'iis  1  -gap  as 

Will  «  il  l  »*»  1  .4  1 1  M  lull  '1‘nlili  lol  S  Willi  I  I .  V  Ll  |)|}1  1  g  !  i  ,lt  l 

J  >  and  t).  ,  rii  .i\  iiimi.  liie  mU-.'.i  .‘1  *h!  i-i:.i*»-»i,)ii  intensities 
ran  be  written  in  the  form:  id  Iqs.  i2)— (4).  One 

ear:  . . i-'  n  l|"  ,  .1  '  I--  i  ill  'll'.'  !•••.*.  :  \i  |!.|l;.i'; 

hmi'.  w  1  i i ■  1  i  a ■  i  i •  •  i  a  i.,  xli.  -Aii  I..  iiiiis,t  ii-!  !i-  liu 

ratio  .d  t  hi-  1 ;  !«•!  mu  :-  •  *f  h..l*s  are1.  rlccl  i  mis .  Knllur 
h-  iiaMs-.n  in..  l!u-  .?!*'•  lute  value  i  f  one  mav  obtain 
tSiC  values  «d  1 1 1 1  ‘  t  *  nil's  a:.  \  u.  -hirin'**  -  f  electron  ami 
hole.  *• 

Figure  li.ai  sl;v*wn  a  typical  ptg.i  ■»  luminescence  spec  - 
trum  in  a  high-quality  oaAs  epitaxial  Uyei  .sample4 
at  ab  ut  8  K.  I  u  the  «■  \i  it.il ion .  an  argon  laser  of 
A  I»M.  b  lur.  w.i ■  with  -1  4  -  I  0  V»  cm  ,  .uut 

Incused  to  a  lb  ,.ir,  ii  it  meter.  The  iiite,'.  i.itrd 

emission  intensities  /' .»  .in*  lucasuit-f  as  {mu  lions  of 
the  evcitat :.»n  intensity  and  ar«*  shown  in  F»*  .  !*h|. 
t:smg  these  data  a*,  ghu  m  F  .  2  tin-  fur  In  ins  /* '  s 
ti  ‘■lit  ,i':M  Mil*  ■*flf  t  |  \  ,U  U«  >  I  (  •  i‘  ,V  .lJ.d  ill 

iV.  1  1  •  1'-''  1  and  \  4  »: .  S  ■  l.l11  cm  . 

Inc  uutnei  u  al  valav.-.  used  .ne  !  g  1  S  1  'J  .  !>  imV 

l  f'.  i  me\  .  /  4  30.  3  nnV,  mid  ■ ' l-  f 0.  OHS 

With*  12.0  .»,:d  /it  13  t'0  c\  .  Note  Unit  .V  .an.1  4  me 

the  coin  a  id  rati- -n.'  « *1  :  .nb  at  .•  e  h -i;- a  >.  ajgl  ladiative 
c«  jil.  i  s  j;;r, 

Tlic  liniilii.g  val.e  s  .  .|  h  .  ai.d  t  aglet’  leina  rk:u>l\ 
Well.  CiHisliler  l n | ;  the  fai  l  that  lht  »  al'c  dtnliu  ed  limn 
ll.c  l \t  r.lp.datlo.'.s  **•  »«•*,  i  a >p« 'Site  «-\lrt-nies  of  the 
excitation  dc-pendenres.  The  diffeiem  e  between  the 
linutmg  values  n{  hl  and  !■  n.av  be  due  to  the  pie.->e;u.r 
of  luvn radial ive  eesileis  and  also  lhtrni.il  efleels.  lhe 
present  nu .\mii  ei'.o’nt  r-ir,vm.-ivj  ui,  that  Uie  above 
effects  are  not  s iriv.l ieanl  in  lhe  sample  tested,  l'he 
agreejiHMil  lu’tu  i  •ii  ll;i  limr.u.g  v  alue  '  o|  /  ,  and  h  t 
slu'uld  he  alrxx.  initial.  Since  the  resell  /  (  oj  i  ,  is 
used  ioi  t  ..  vvlii’n-  h.i  i  t  it  i.,  n.-i  Avtuallv.  'A--  n>e.t 
the  mean  value  i'f  lliese  (nun  I  .  ..e..|  f  .  fog  pii.Ump  /  . 
Km  t  h.e  i  in*  i  c  .  .iin’i*  /•  ,  f'h..  tnis  ae  i  *  eiie-ni  in 

Ouales  tiial  I-  -|  1 1  •  i  -  sul  lie:- at  f.  •  i  -.ui!  analvs!-..  |r. 
oliici  words,  (tie  in.  insion  ot  additional  terms  as:.. 
eiati-1  with  imn  radi.it  r.  e  renters  in  Kq  ill  i->  nrenv.i.d 
fur 'our  |iu;pi->e.  lie;. Ill  plotting  the  emu  rid  I  all  .. 
by  the  optica!  and  eleitrical  methods  are  m  progress, 
and  Uie  details  uiii  he  n  [noted  eb.eW  t.ej  e . 
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(Received  21  May  197$;  accepted  for  publication  25  July  1979) 

Glow-discharge  optical  spectroscopy  (GDOS)  was  used  as  a  technique  for  obtaining  impurity- 
concentration  profiles  of  annealed  and  unannealed  GaAs  implanted  with  Ge,  B,  and  Mg. 

Calibration  to  obtain  the  absolute  concentration  was  accomplished  by  comparison  to  pure 
elemental  standards.  For  implantation  fluences  of  1  X  lO’Vcm1  and  energies  of  60  and  120  keV, 
the  range  and  magnitude  are  compared  with  the  theoretical  predictions  of  LSS.  Large  surface 
pileup  and  out  diffusion  have  been  observed  for  Mg  implants  annealed  at  temperatures  between 
700  and  900  'C.  As-implanted  Mg  samples  exhibited  different  profiles  for  pyrolytic  and  plasma 
Si  ,N4  encapsulation  due  to  differences  in  deposition  temperatures, 

PACS  numbers  61  70  Tm,  61 .70.  Wp,  66  J0.Jt 

I.  INTRODUCTION 

Glow  discharge  optical  spectroscopy  (GDOS)  has  been 
used  in  determining  the  distrmutions  of  certain  implanted 
species  in  semiconductors  jnd  has  proven  to  be  quite  an  at¬ 
tractive  method  because  of  us  simplicity  and  versatility  The 
methods  generally  used  for  measuring  the  concentration 
profile  of  impurity  atoms  are  Secondary-ion  mass  spectros¬ 
copy  (SIMS)’  and  Augci  electron  spectroscopy  (AES)  • 

These  methods,  like  GDOS,  destructively  sputter  the  sample 
during  analysis  Unlike  GDOS,1  * '  however,  these  methods 
reguire  rather  elaborate  equipment  and  experimental  setups. 

Electrical  methods* '  can  also  be  used  to  measure  the  impuri¬ 
ty  pri  files  of  implanted  semiconductors.  However,  informa¬ 
tion  gathered  using  such  techniques  do  n-  t  provide  the  total 
atomic  distribution  since  only  the  electrically  active  impuri¬ 
ties  are  observed 

In  this  paper,  the  results  of  experiments  to  determine 
the  impurity  distributions  of  irr, planted  R,  Gc,  and  Mg  in 
GaAs  substrates  are  reported  Furthermore,  the  redistribu¬ 
tion  of  these  implants  for  several  different  annealing  tem¬ 
peratures  Has  been  studied  Although  GDOS  has  been  suc¬ 
cessfully  employed  previously  in  profiling  R  and  other 
species  in  Si  substrates,1  ’  this  study  constitutes  the  first  such 
measurements  of  the  dopant  distributions  in  ion-implanted 
GaAs. 

II.  EXPERIMENTAL  PROCEDURE 

Since  GDOS  and  the  method  of  its  application  are  de¬ 
scribed  in  detail  elsewhere,*  '*’  only  a  hrief  description  is  pre¬ 
sented  here.  In  the  use  of  (il)OS.  a  de  glow  discharge  is 

"Antli-'t  -- J,  rt-xi.ithl  vt  l»  nlivl  fnl  t  he  summer  of  IV7  |97h  under  Ci'fi- 
i  r .iv  i  b  I  IMS  77  c  .snot  wiihihc  Si-uilicavieru  l/rnlrf  (nr  Gcvlrital  l.ugi- 
ncerut|(  1  aluvaiiini.  Inc  Pirvcni  addicvv  Ofpl  of  I'hy  vice  Ohio  I'nucrvi- 
iv.  Aihniv  ( ihm 

‘  'V.  of k  5  -  r-iititi.  ,|  .u  (hi-  Air  l  ore  v  Aviomtv  I  dhnfdlofy  under  t'onliav'f 
I  I  10  I  s  ~h  l  I  1M. 
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excited  between  two  electrodes  in  the  Pyrex  vacuum  cham¬ 
ber  which  is  back  filled  with  Ar.  The  sample,  which  is  placed 
on  the  cathode,  is  slowly  sputtered  by  the  ionized  Ar  atoms 
striking  its  surface  The  atoms  sputtered  from  the  sample  are 
collisionatly  excited  in  the  cathode-glow  region  of  the  dis¬ 
charge  and  emit  characteristic  emission  lines.  The  resulting 
emission  intensity  may  be  assumed  to  be  proportional  to  the 
concentration  of  atoms  present  in  the  discharge  and,  hence, 
at  that  particular  depth  in  the  sample. 

The  GDOS  system  used  in  this  experiment  is  similar  to 
the  system  used  by  other  investigators."0  The  sputtering 
chamber,  shown  by  Fig  I,  consists  of  a  Pyrex  cylinder,  9.5J- 
cm  I  D.,  with  three  quartz  windows.  The  anode  was  made  of 
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aluminum  and  was  2.54  cm  in  diameter  1  he  .separation  of 
anode  and  cathode  could  be  varied,  but  uniform  sputtering 
was  achieved  when  the  anode  was  placed  2.5  cm  above  the 
cathode  I  he  cathode  was  constructed  of  copper  with  a  tc 
movable  aluminum  top  plate.  Tungsten  foil  was  silver  epox- 
led  to  the  surface  of  the  cathode  to  minimize  erosion.  A  glass 
envelope  was  used  to  insulate  the  base  of  the  cathode  to  pre¬ 
vent  arung  Before  each  experiment,  the  system  was  cleaned 
by  exciting  a  discharge  without  a  sample  The  sample  was 
(hen  p!  iced  on  the  cathode  and  the  entire  system  ev  jcii.ilid 
to  5  •  10  iori  Alter  buck  tilling  the  chamber  with  Inglo 
punty  Ar  to  20 /am,  a  voltage  of  2.3  kV  was  applied  to  the 
electrodes  through  an  external  series  resistance  of  1 80  k SI  A 
sputtering  rate  of  0.12 /rm/niin  for  undnped  GaAs  was  ob¬ 
tained  This  rale  was  determined  by  partially  shielding  the 
sample  in  such  a  way  that  a  slep  was  formed  between  the 
sputtered  and  shielded  areas  The  step  height  was  measured 
with  a  Sloan  Dektak  surface  profiler  Light  from  the  cath 
ode  glow  region  was  imaged  by  a  quartz  lens  onto  the  slit  of  a 
Spcs  Model  1424  spectrometer  having  a  diffraction  grating 
blazed  at  .1000  A  with  1 200lines/mni  The  spectrometer  was 
set  to  (he  wavelength  corresponding  to  the  strongest  charac¬ 
teristic  emission  line  of  the  impurity  The  intensity  was  de¬ 
termined  by  photon  counting  using  a  cooled  RC  A  C3 103404 
photomultiplier  mho  and  an  SSR  Model  1 108  photon 
eotmtei 

In  older  to  enhance  the  collection  of  light,  a  concave 
niirfui  was  placed  opposite  the  specliomeler,  thus  reflecting 
light  tliiuugli  the  scr  ond  optical  window  back  to  the  spec 
tromelci  I  nun  the  sputtering  rate  of  th  ample,  the  rrsul 
taut  intensity  data  ol  the  selected  wave  li  versus  nun 
could  he  Ir  ansi  aled  to  concent  rat  ion  vci  sus  depth  mm  I  lie 
sample 

A  second  speelrotneler  was  used  to  monitor  the  dts 
charge  t >m nigh  the  I  bird  optical  window  It  was  tuned  to  the 
emission  of  ( in  at  4  I  7  2  A  Monitoring  of  tin.,  line  makes  il 
possible  In  observe  any  change  ill  the  amount  of  (ja  arising 
from  Duel ua I  nuts  in  the  discharge  The  discharge  was  oh 
vci  veil  to  be  unstable  when  the  high  voltage  was  lust  till  m  il 
on  I  o  protect  tile  sample  during  tins  transient  per  mil.  it  was 
covered  w alii  a  Si ,  N,  Id  in  -  l(XX)  A  thick  Monitoring  i  u  the 
( ia  line  makes  up.  issible  in  drier  mine  the  e  vael  tune  w  hen 
the  Si ,  S',  is  i  e  omi  eil  and  I  lie  sample  spoil  cling  begins  I  hr.. 
Ill  tin  II.  pm.  Iiles  I  lie  stalling  |k>iii(  lor  the  profile  ol  I  le  mi 
planted  impurity  being  monitored  by  the  other  speetioin- 
eter  The  Si ,  N,  eiicapsiilanl  was  also  used  In  protect  the 
(!a  As  siibsti ale  during  annealing  which  was  pcifoi niccl  on 
sec  eral  samples 


I  lie  samples  used  m  this  study  win  e  iimloped  ( iaAs 
oriented  in  the  (100)  direction,  which  were  cut  intoO ,5-cni 
squares  and  implanted  at  an  energy  of  60  or  1 20  keV  with 
fiuenees  ol‘(  I  S )  •  lO"  ions  cm '.  The  implantation  was  per 
lormed  -  7  off  the  ( 100)  direction  of  the  (iaAs  in  ordei  to 
amid  channeling  and  to  make  tile  crystal  appear  anioi- 
phous.  I  lie  results  w e i compared  to  the  range  predictions 
of  l.indhard.  Sharff,  and  Scluoll  (I  SSjn  which  assume  an 
amorphous  laiget 

III.  CALIBRATION  OF  DISTRIBUTION  PROFILES 

A  sc  heme  w-as  devised  Im  calibi.il  mil  ot  I  lie  ( il  M  )S  sys¬ 
tem  wine  li  did  in  n  inquire  the  use  ol  "know  o’  uiipiantut  urn 
lliicnccs  of  llie  linpii  I  ity  ol  linen  si  min  (  iaAs  1 1  I  he  mi  plan 
l.ilmn  leelini.pl.  Ii.nl  liieii  dinseii,  mile  a  i  omp.n  ismi  l>. 
tween  the  iiiipinily  level  and  the  stainl.iid  impl.mi  would 
base  been  possible,  ealilu alioii  hemp,  dependent  up, m  die 
dose  aeem  ai  y  of  the  sluiiil.n  il  When  comp  iling  me  i m - 
plain  to  a  standard  implant,  calitiiuimn  is  meaningless  since 
iliac  cur ac'ic's  in  nose  are  die  •..11110  1  lie  Use  of  luilk  doped 
GaAs  Was  also  considered  bin  abandoned  due  to  uniiuvuilu- 
hiliis  Ms  using  elemental  sl.indaids  and  making  cerium  as 
sumptions,  a  reasonably  ace  male  ealilualioa  was  ol'l.uned 
as  eenleueed  In  die  favouble  match  between  the  iiiiplaiiioJ 
1111  j  'ii nly  dr.ti  ibiilmn  oul  die  pi  edlc  led  I  SS  piolilcs 

f  lie  Hied  101 1  used  1 01  ealilu  a  I  mu  me  olceil  spulU-i  mg 
pure  eleincnlal  slum]. mis  o|  M  t  »e.  ami  Mg  It  may  is 
sen n'll  dial  ll.e  ml  nsilv  ol  dm  inn  assoei.ii.il  willi  lie  mi 

plan  led  unpin  0  V  IS  pi  Opm  I . il  In  the  aim  ill  >c  1  "I  impm  it  v 

■  II,  '10s  in  1|  ie  disc'll, iij"  1 1 1,1,  lei.  III  ill'  1  onsl  .1 :  il  ol  pi ,  >(  „  -i 

ImiialOy  (  .01  die  iiuiiiIti  ol  mm.  dial  spullei  ml  '  die  b 
1  1 1 . 1 1  gi  .  I  lie  p:.,p.  <1 1 1,  ‘li  ■  1 1  1 1 1,1!  liliiiil-c'l  is  lie  1 1  ait  i  e  lul 
.Hid  I  lie  pi  opt  u  (loli  ol  III.'. 1  1  Vi  lied  CC  III,  1 1  I  el.  is  and  c'lllll  111, 
c  li.n.ic  lerislie  photon  In  will,  Ii  die  spec!  1  iiiilctci  i-.  1  In 

ilclcllll.  'll  die  vusll  |C  Ily  ol  111"  lll'.l  I  II  men'  ill  dlls  p.iltleld  l( 
Vc  as  ,'ii-ngl  l|  n'.ic  be  ,  ,'iis|.  lei  ",l  o  being  ! 1  ‘  -  * ! » !  ■_  t-  1 1  1  :  ( 

Sin,  e  plmU'ii  ,  oiinpng.  I*.  eniplo'.ecL  iel  1/1"  Ibi  nun- 
I’ll  "I  ..'oil'll-.  Ill  J  '  il  III  II  die  1  It'lncl!  l.ll  .1 .11  It  III  nl  I-  J  ■:  ollbi ! 

!  lie  1(0,1111 1 1  s  tf  -  .If  mas  dins  bi  1  oiisii lei ed  1o  Is  I  In  .  ocm 
l.’li  .  J  /  vs  .1  >  1  v  pi,  a  1 1  v  1 1  s  v  1  .  .n  n '  >a  li  1  pi .  a  1 1 .1  I  u  1  1 1 
.in  llu  iiiinibi  1  , ,  ..|i.  I  s  1 : 1  is  !  *e  asMinn  1 1  lo  lit  p.  ■  p.  u 
I  mi  1.1I  !o  die  mu  1  iln  1  1  'I  \  u>  -i, is  0-1 ;  n  .  1 1  1  1 
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H(i  2  I  hr  ic^pmiM-  t»l  Hi,-  t ilXKS  phi> 
ton -count  mg  system  t»»  varum**  denMtirv 
of  an  elemental  (ie  standard  4.  n*the 
area  of  the  elemental  standard,  A,  is  the 
total  sample  area,  and  the  ratio  A. /A, 
represent**  the  proportion  of  the  sample 
composed  uf  elemental  Oe  (the  remain¬ 
der  being  which  correspond*  to 

an  effective  density /».  a*  indicated  The 
dashed  line  \nuws  an  c»ir  jpolatiiin  l" 
implantation  demines  which  were 
involtgaled 


where  Ax  is  the  amount  of  material  removed  mdf.  Since  the 
sputter  rate  R,  =  Ax/At  can  be  determined  as  described  ear¬ 
lier,  the  constant  C  may  be  written 

Thee  values  were  recorded  in  Table  I  for  Of*.  Mg,  and  B 
standards. 

This  calibration  constant  C  may  be  used  in  profiling 
implanted  samples  Since  the  distribution  is  constantly 


changing,  lei  m  be  Ihe counts  m  Jr  at  some  lime  /  The  num¬ 
ber  of  impurity  atoms  removed  n  may  be  assumed  to  follow 
E<t  ( 1).  Since  this  is  only  a  portion  of  the  atoms  being  re¬ 
moved  from  the  volume  AAx  at  time  i  (tlje  remainder  being 
Cia  and  As),  this  total  impurity  concentration  .V,  my  be  ex¬ 
pressed  by 

;V,  =  n/(AxA  )  C'm /(AxA  )  -  C J/AR,  (4) 

where  R  is  the  sputtenr.g  rate  of  the  implanted  GaAs 
sample 


l  lli  t  Krtolutinn  capabilities  of 
{ ilX  )S  fur  multiple  implant**  *>f  M  m 
(>aA*>  (a)  lmpl«iitv*if  WlmisJ  120  kc V 
(l»|  Multiple  cnergv  implantation  -  .f 
both  hO  and  120  kfV 
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FIG  4  Dolnbul.on  of  lh/ Ge  implant  in  GaA4  14  a  function  nf  annealing 
temperature  (a)  An-implanted  profile,  tb.'  After  cncaprulniion,  (c)  After 
700 T  anneal  for  15  mm.  (d)  After  900 "C  anneal  for  15  min 

Implanted  peak  densities  arc  lower  than  those  of  the 
pure  element  by  several  orders  of  magnitude.  The  degree  to 
which  C  remains  constant  was  explored  as  a  function  of  (In¬ 
effective  density  by  using  smaller  elemental  standards.  To 
maintain  the  same  geometry  as  much  as  possible,  total  sam¬ 
ple  size  was  held  constant  with  CjaAs  (in  the  form  of  chips 
along  the  edges!  being  substituted  for  the  difference  Since 
CJDOS  profiles  the  entire  plane,  this  simulated  an  Implant 
with  density  proportional  to  the  area  of  the  standard  A,  di¬ 
vided  by  the  total  sample  area  A , .  Linearity  between  the 
number  of  counts  and  the  effective  impurity  density  formed 
with  this  technique  was  observed  over  two  ordcis  of  magni¬ 
tude,  as  shown  tn  Lig  2  This,  indicates  that  C  is  constant  and 
is  neither  altered  by  decreasing  the  effective  concentration, 
nor  affected  by  increasing  the  concentration  of  Ga  and  As  in 
the  discharge.  Since  the  implants  of  interest  ate  at  still  lower 
concentrations,  the  linearity  of  C  was  extrapolated  to  these 
concentrations 

If  analysis  techniques  such  as  G DOS  arc  to  be  useful, 
they  must  not  exhibit  strong  matrix  effects  These  effects 
may  arise  from  two  sources  The  first  ts  that  the  emission 
probabilities  of  the  element  of  intcicst  may  be  altered  by  the 
presence  of  oiher  atomic  species  in  the  discharge  I  his  con¬ 
dition  was  explored  by  introducing  perimeter  chips  of  GaAs 
which  sputtered  with  the  elemental  standards.  The  linearity 
of  the  data  shown  in  Fig  2  ensures  that  increasing  the 
amount  of  (ia  and  As  present  in  the  discharge  will  not  alter 
the  emission  probability  of  the  clement  (the  relative  Oa  and 
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Asconcentralion  is  inxeiscly  related  tothat  of  the  element  of 
interest).  The  other  source  of  matrix  effects  may  arise  from 
the  difference  in  sputtci  ing  impurities  in  the  GaAs  matrix  as 
opposed  to  the  pure  standard  l  or  ion-implanted  specimens, 
the  concentration  of  the  impurity  is  small,  as  a  result,  the 
sputtering  rate  is  determined  entirely  by  the  UaAs  substrate. 
Differences  between  the  sputtering  rales  of  the  GaAs  and  the 
standards  are  approximately  IV/  oi  less  and,  thus,  arc  ig¬ 
nored  The  value  of  1  I  50  A/rnm  was  used  in  all  calibrations 
for  the  sputtering  rale 

The  values  of  C'  w  hich  were  determined  lor  B,  Ge,  and 
Mg  are  included  in  Table  I  With  respect  to  l  lie  assumptions 
made,  these  value1  represent  the  number  of  atoms  being  re¬ 
moved  in  timed;  which  will  icsult  in  a  count  recorded  by  the 
photon-counting  system  employed  in  the  experiment  The 
lest  concerning  the  accuracy  of  llns  calibration  lies  mi  Us 
compansoii  lo  pu-diclej  profiles  for  inn  implant jtinn  or  by 
comparison  with  profiling  by  otln  r  means  I  he  Inner  experi¬ 
ment  is  currently  being  undertaken  and  a  diiccl  comparison 
of  profiles  obtained  hv  (  .  I )( )S  is  being  made  xxitli  profiles 
obtained  by  ALS  and  SIMS 

IV.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

The  purpose  of  the  experiment  was  to  dele,  mine  the 
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Fl(*  ft  OiMnhuiion  of  Ihe  Mg  implini  in  G«A%  ■fici  remo.al  of  CVD 
cncaimilam  with  HF  acid  Sample  was  re-encapsulaicd  with  FF.D  Si,N, 
and  profiled 

depth  distribution  of  the  implanted  impurity.  The  distribu¬ 
tion  was  studied  as  a  function  of  annealing  temperature  and 
method  of  deposition  of  the  Si,N4  encapsulant  The  project¬ 
ed  range  Rr  and  maximum  concentration  Np  can  be  predict¬ 
ed  by  l.SS  theory  for  each  of  the  implants  investigated  (flr 
heing  dependent  upon  the  stopping  power  of  the  target")  A 
Gaussian  distribution  is  expected,  with  Nf  being  proportion¬ 
al  to  the  fluence  4  (ions/cm'),  i-e., 

,V.  -:d  /(2itY  ‘liR,  ,  (5) 

where  is  the  standard  deviation 

The  resolving  capability  of  GDOS  was  demonstrated 
using  B  implants  into  GaAv  Figure  3(a)  shows  implants 
with  rnrreia  of  6 0  and  120  keV  which  closely  followd  the 
LSS  predictions.  A  multiple-energy  implantation  is  shown  in 
Fig  3(b).  The  location  of  the  two  peaks  is  resolved  and  fol¬ 
lows  the  LSS  prediction. 

An  annealing  study  was  performed  on  theGe  implants 
A  Si ,  N,  encapsulant  was  used  to  protect  the  sample  during 
high  temperature  annealing.  The  nitride  was  grown  by  pyro¬ 
lytic  chemical-vapor  deposition  (CVD)  utilizing  silane  and 
ammonia  gases  at  an  elevated  sample  temperature  of 
-725  *C  for  45  sec  Approximately  |(XX)AofSi,N4  was 
deposited  on  the  sample  Figure  4(a)  shows  the  Oe  implant 
before  any  processing  steps  Figure  4(b)  shows  that  indiffu- 
aion  has  occurred  after  sample  encapsulation  The  enhance¬ 
ment  of  this  indiffusion  by  the  700  and  900  *C  anneals  is 
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shown  in  Figs.  4(c)  and  4(d ),  respectively.  There  is  an  associ¬ 
ated  decrease  in  peak  height  as  tins  diffusion  occurs. 

The  CVD  encapsulant  was  also  employed  on  Mg  im¬ 
plants.  The  samples  were  implanted  to  a  fluence  of  5  X  10" 
tons/cnv  at  an  energy  of  120  keV.  (A  similar  implant  at  60 
VeVwas  also  investigated,  but  the  results  follow  those  at  120 
keV  and  are  not  included  )  The  results  in  Fig  5(a)  exhibit  a 
considerable  concentration  of  Mg  just  below  the  surface  of 
the  sample  after  encapsulation.  A  peak  is  observed  at  the 
predicted  depth  but  is  several  orders  of  magnitude  smaller 
than  the  one  occurring  near  the  surface  A  possible  explana¬ 
tion  is  that  the  Mg  diffused  outwardly  to  the  region  of  high 
damage  when  exposed  to  the  temperature  at  vyhich  the  CVD 
encapsulant  is  grown  (  -  72 5*0  Similar  behavior  is  ob¬ 
served  for  Be  in  Si  11  An  anneal  of  7(i0  "C  for  1 5  min  did  not 
alter  the  Mg  distribution  For  (he  900  *C  anneal  shown  in 
Fig  5(b),  the  peak  has  shifted  deeper  by  about  0  06 /an  This 
indicates  that  an  in-diffusion  process  occurs  at  this  tempera¬ 
ture,  with  no  further  enlargement  of  ihc  Mg  concentration 
located  near  the  surface. 

Another  encapsulation  method  was  attempted  in  order 
to  minimize  the  redistribution  In  this  case  the  Si,  N4  was 
grown  from  silane  and  nitrogen  at  a  temperature  of 
-  200  *C.  The  energy  for  the  reaction  was  provided  by  excit¬ 
ing  an  RF  plasma  in  *he  chamber  containing  the  gases  Fig¬ 
ure  5(c)  shows  ihe  results  for  plasma-enhanced  deposition 
(PKD)  Si,N4  after  the  cap  has  been  grown,  and  Fig  5(d) 
shows  results  after  an  anneal  of  R50  ’C  for  1 5  nun  The  rea¬ 
son  for  the  appaicnl  discrepancy  between  the  magnitude  of 
the  profile  (see  especially  Fig  5(c)]  and  theoretical  predic¬ 
tion  is  not  known  Since  the  sputter  rate  of  the  Mg  standard 
differs  from  that  of  the  GaAs  by  1 5 ",'r  (as  opposed  to  the 
other  standards  which  differ  at  most  by  1%),  matrix  effects 
may  not  he  negligible  for  Mg  This  would  appear  as  an  error 
in  the  calibration  constant  C for  Mg  Alternately,  the  Mg 
standard  is  a  metal  (as  opposed  to  It  and  tie).  I  he  effect  of 
covering  the  cathode  w ith  a  metal  rather  than  an  insulator  or 
scniieonducloi  would  Ik-  to  alter  the  electric  fields  in  the 
GDOS  sputtering  chatiiher  and  c  hange  the  geometry  of  the 
experiment  Further  experimentation  is  planned  to  claufj 
the  results  for  Mg-unplanlcd  ( i.iAs  1  he  results  after  the 
anneal  resemble  those  for  the  CVI)  encapsulant.  Mg  dill  used 
to  a  region  of  high  damage  nearer  the  surface  and  the  peak 
moved  inward!) 

<  )oc  further  observation  was  made  concerning  encapsu¬ 
lation  of  Mg  implants  ihc  CV|)  nitride  was  removed  Irotn 
Hn  unallocated  Mp-nnpl, tilled  sample  using  HI-  acid  I  In  is 
the  icriioval  method  coimimnl)  n-a-d  to  obtain  bare  CiaAs 
substrates  foi  contacts  in  elec  li  k  al  nu  asui  emails  I  lie  sam¬ 
ple  was  then  capped  with  I’l  l  1  nitride  and  profiled  using 
(ilX)S  1  be  remits  are  shown  in  I  ig  U  I  he  large  sin  I  are 
accumulation  as  ohsci  veil  in  !  ig  Ma ]  w  as  nut  detected  I  Ins 
would  explain  the  clri  li  ical  lueaMio  incuts'  pvt  lot  ineil  using 
C'V  I )  cncupsiilanls  wlm  h  show  a  peak  i.  ai  i  k  i  amcciil ration 

of  I  -  lO'Ycin' hut  no  surface  accumulation  1  his  agrees  ill 
magnitude  with  the  <  il  >(  (Sd.it a  m  I  ig.  ti,  indicating  removal 
of  the  surface  Mg  II  is  interesting  to  note  that  a  fluence  iff 
I  ■  !0,,/cin:  exhibits  surface  ;n  cumulation  (No  cure 
spolldnig  (  1 1  >OS  lain  ;m  ai  all.ddc  due  In  sensitivity  liiillUt 
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lions.)  This  leads  one  to  believe  that  surface  accumulation  is 
present  at  all  fluences  but  may  be  removed  by  HF  only  when 
high  damage  is  present 

V.  SUMMARY 

GDOS  has  been  succ-n»sfully  employed  to  profile  the 
depth  distribution  of  B,  Ge,  and  Mg  implants  in  GaAs  and  to 
study  their  annealing  behavior.  The  resolving  capability  of 
GDOS  was  demonstrated  using  a  multiple-energy  implanta¬ 
tion  of  B.  Excellent  agreement  was  obtained  between  the 
absolute-concentration  profiles  determined  by  calibration  of 
the  system  against  elemental  standards  and  the  predictions 
of  the  LSS  theory,  except  for  Mg,  Reasons  for  the  discrepan¬ 
cy  in  the  Mg  data  are  not  clear. 

Minor  redistribution  of  the  Ge  implant  occurred  when 
the  samples  were  encapsulated  with  CVD  Si ,  N,  or  annealed 
at  temperatures  between  700  and  900  ’C  for  1 5  min  This  is  in 
contrast  to  the  large  redistributions  observed  for  the  Mg 
implants. 

During  CVD  encapsulation,  at  a  temperature  of  725  °C, 
a  large  portion  of  the  Mg  diffused  to  the  region  of  high  dam¬ 
age  at  the  surface  of  the  sample.  Furthermore,  these  atoms 
can  be  removed  if  the  nitride  is  stripped  by  soaking  in  FCF 
acid.  Another  method  of  encapsulation,  PED  Si,N,  ,  ap¬ 
peared  to  reduce  the  surface  accumulation,  even  after  an 
850  ‘C  anneal.  For  both  encapsulants,  the  predicted  peak  in 
the  distribution  shifts  inwardly  at  high-annealing  tempera¬ 
tures,  indicating  diffusion  into  the  sample 

Comparison  with  published  results  of  electrical  mea¬ 
surements  for  high-fluence  Mg  implants  ( —  1  v  10' ’/cm1)  in 
GaAs  indicates  that  the  surface  Mg  did  not  contribute  to  the 
electrical  activity.  This  may  be  due  to  its  removal  by  HF 


acid.  The  reason  for  the  anomalous  diffusion  of  the  Mg  im¬ 
plants  in  GaAs  is  not  clear  but  probably  is  not  due  to  exceed¬ 
ing  the  solid-solubility  limit  since  the  low-fluence 
(—  1  >  10'  Vcnr)  Hall  daia  also  displayed  surface  accumula¬ 
tion,  The  mechanism  governing  this  diffusion  is  not  known, 
and  further  study  is  warranted. 
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TYPE  OTOPU2. 

C 

PROGRAM  0T0PV2 

C 

C  SUBROUTINES  DATA .  SIJRFAC  .PROF IL  ARE  QVERLAYES 

C 

INTEGER  E C I) T I M  <  2 5  ) 

REAL  EFF  (  25  )  » MIJH  (  25  )  »  NS ( 25 ) 

DIMENSION  DEPTH ( 25 ) iHI ( 25) ,RH05(25) >RHS( 25) , RII (4) r 
1KI2( A ) » THICK (25) ,01 ( A) ,02(4) ,UNO(4> ,UNB( 4) , 

1UR0C4) >URR<4) 

COMMON  /BLK 1 /  HI ,RI 1 ,RI2» T ,01 ,U2 ,UNO, VNB, VRO,URB 
COMMON  /BLK2/  B , DEPTH , DOSE , ECHT I M , EFF , MUH , NS , fil IQS , RHS t 
1STHICK,THICK,I,NTIME 
BYTE  T I M  <  B ) , FLNAM  (11) 

C 

5  FORMAT  (Al> 

10  FORMAT ( 1 1 A1 ) 

C 

DEFINE  FILE  1 ( 25.8 ,U,NXREC) 

TYPE*,  'ENTER  FILE  NAME  (10  CHAR  MAX)' 

ACCEPT  10,  FLNAM 

OPEN (UN  I T-l »NAME=FLNAM»  TYP£  = ' NEW '  > ACCESS= ' BI RECT ' , 

1  RECORDS  I ZE  =  4  ,  IN  I  T I ALS 1 7.E  =  2 ) 

DO  15  N= 1 ,25 

WRITE ( 1 'N ) 0,0,0. ,0. 

15  CONTINUE 

C 

CLOSE ( UNI T= 1 ) 

DEFINE  FILE  1 < 25 , 8 , U , NXREC ) 

C 

TYPE*,  'DOSE?' 

ACCEPT*,  DOSE 
TYPE*.  'B  (GAUSS)' 

ACCEPT*,  B 
NT  I ME  =  0 • 0 
STHICK  =0.0 

TYPE*,  'ETCH  RATE/SEC  IN  ANGSTROMS' 

ACCEPT#,  ERA  re 
1=0 

20  IF(I.NE.O)  PAUSE  'ETCH  SAMPLE' 

C 

CALL  TIME ( TIM ) 

TYPE  25,  TIM 

25  FORMAT  (IX, 'PRESENT  TIME  =  'r8Al> 

C 

TYPE*,  'ETCH  ♦  =?,  TIME  =7' 

ACCEPT*,  I » ECMTIM  < I  + 1  ) 

TYPE*,  'DATA  OK  ?  Y  OR  N' 

ACCEPT  5,  ANS 
IF( ANS.EQ. 'N' )  GOTO  20 
C 

1  =  1  +  1 

IF (LAST  I .TO. I )  GOTO  30 

THICM I >  ERATF*FL0AT(FCHTIM( I ) ) 

STHICK -STHICK  +  TIIICMI) 

DEPTH ( I )  -  STHICK 
N  r I  ME  =  NT  INC  +  ECHTIM(I) 

C 

30  CALL  BATA 

C 


IT  SET.  IN  BATA 


21. 


IT-T 

IF( IT.CQ. I >  GOTO  50 


TO  SHOW  NO  MEASUREMENT 


LASTI  =  I 
PAUSE  ' SET  PAGE ' 

C 

CALL  SURFAC 
C 

OPEN  ( UNI  T=  1  ,  NAME=FLNAM  »  TYP£-~ '  OLD  '  * ACCESS=  'DIRECT'  , 

1  RECORDS  I ZE- 4) 

WRITE < 1 'I ) I ,  ECHT IM< I ) , RHQS< I ) » RHS  < I ) 

CLOSE ( UNIT  =  1 ) 

IFU.EQ.l)  GOTO  20 
C 

CALL  PROFIL 
C 

IF(IT.NE.l)  GOTO  60 

50  TYPE* »  'DATA  CANNOT  PE  MEASURED' 

GOTO  70 

60  TYPE*,  'CONTINUE  MEASUREMENT?  Y  OR  N' 

ACCEPT  5,  ANS 

I F ( ANS . EO . ' Y' )  GOTO  20 

I F (ANS . NE . ' Y ' )  TYPE*,  'ARE  YOU  SURE/' 

ACCEPT  5,  ANS 
I F  <  ANS ♦ EO . 'Y' )  GOTO  70 
GOTO  60 

70  PAUSE  'NEW  PAGE  —  FINAL  PROFILE  PRINTOUT' 

TYPE*,  'FINAL  PROFILE' 

TYPE  74,  FLNAM 

74  FORMAT </>2X, 'DATA  FILE  NAME  IS  ',1IA1> 

TYPE  75,  S TH ICK , NT IME 

75  F0RMAT</,2X, 'TOTAL  DEPTH  =  '»F7.1»'  ANGSTROMS 1 2X , 

1  '  TOTAL  ETCH  TIME  =  ',I6,2X,'  SEC'/) 

TYPE  80 

80  F0RMAT<2X, 'ETCH  *',3X,'ETCH  TIME! SEC) ' ,3X, 'AUG  SHEET  RHO' 

1 , 3X , ' AUG  SHEET  HALL  COEFF ' , 3X . ' AUG  MOP  I L I T Y ' , 5X , ' AUG  SH 
1EET  NS', AX, 'ACT  EFF (%) '/) 

DO  100  M=  1 , I 

TYPE  90,  M-1,ECHTIM<M) , RHOS (M) , RHS ( M ) ,MUH(M) ,NS(M) , 
1EFF(M) 

90  FORMAT <4X, I2,9X, 14 , 9X , El  2 . 5 , 7X , E 1 2 . 5 , 9X , F8 . 2 

1 ,8X,E12.5,7X»F6.2/) 

100  CONTINUE 

C 

CALL  EXIT 
END 


215 


TYPE  DATA. 

SUBROUTINE  DATA 

DIMENSION  HI<4> ,RI1<4> ,RI2<4) ,S<4),SU<4> .Vl<4)t 
1V2<  4 ) »  UNO  <  4 ) ,  VN£K4>  ,VRO<4>  .URIK  4) >U<4) 


c 

c 

c 

c 


3 

n 

26 

30 

35 

36 
C 
10 


c 


15 

C 


C 


c 

c 


c 


COMMON  /BLM/  HI , R I 1 . RI 2 , T . 01 , 02 , UNO » VNB i VRO * VRB 
BYTE  MSGI ( 16) ,MSGV< 15) 

-INITIALIZING  INSTRUMENTS - ' 

call  ibslnik  'spociox- . , 1 »2on 

CALL  IBSLNIK  ' D0M0Z1 TOROX ' ,,1,202) 

PAUSE  'ZERO  616' 

CALL  IBSENDI ' ZOX' , , 1 ,202) 

CALL  IDSENIK 'DOM. ' . ,9) 

CALL  IB SEN  IK  'SX' r *1 >201 > 

CALL  IBRECVIMSGV, 15,9) 

FORMAT  <  A 1 ) 

FORMAT  (6X.E10.3) 

FORMAT  <2X»'I=  ' »E10.3» '  AMPS') 

FORMAT  (5X.E10.3) 

FORMAT  (F10.7) 

FORMAT  <2X,'V=  ' »  F 10 . 6 . '  VOLT'/) 

PAUSE  'SW  *  A  * »  ZERO  DVH ' 

1  =  1 
J  =  0 
K  =  0 
T=0 . 0 


SW< 1 )=' A' 

SLK2)  =  'B' 

SUK  3 )  =  '  C  ' 

SU  <  4 )  =  '  D ' 

S  ( 1 )  =  '  E ' 

S<2)='E' 

S<  3 )  =  ' F' 

S<4)='F' 

W<1)='+' 

U<2)='-' 

U  (  3 )  =  '  + ' 

U  <  4  )  =  '  -  ' 

TYPE*.' - ADJUSTING  I - ' 

CALL  I BSE NIK  ' SR60X '..1.201) 

CALL  IBSLNIK  ' 1=0999000' » .2) 

TYPE*.  'PROPER  I?  Y  OR  N' 

ACCEPT  5,  ANS 
IFCANS.EC. 'Y' )  GOTO  100 

TYPE*.  'BIG  OR  SMALL  I?  B  OR  S' 
ACCFPT  5.  ANS 
I F  <  ANS . EO . 'S' )  GOTO  20 

' - B  l COER  CURRENT - ' 

CALL  I ;  iKNIK  '  SR50X  '  .  .  )  ,201  ) 
TYPE*,  'INCREASE  I ?  Y  OR  N' 
ACCEPT  5,  ANS 
IKANS.tll.'N')  GOTO  100 

CALL  IBSLNIK  'SR40X' . , l ,201) 
TYPE*. ' INCREASE  1 7  Y  OR  N' 
ACCEPT  3,  ANS 
I P  < ANS . EU . 'N' )  GOTO  100 


C 
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CAUL  I  PS END  < ' SR30X '*,1,201) 

GOTO  100 

C 

C  ' - SMALLER  CURRENT - ' 

20  CALI.  IDSENIK 'SR7UX' ,» 1 ,201 > 

TYPE*,  'DECREASE  1?  Y  OR  N' 

ACCEPT  5*  ANS 
IF  <  ANS . EO . ' N ' )  GOTO  100 
C 

CALL  IBSEND  < ' SX ' *  >1*201) 

CALL  IBSENII <  '  1=0099000'  ,  ,2) 

CALL  IDSENIK 'OX'  .  .1.201) 

C 

TYPE*,  'DECREASE  I?  Y  OR  N' 

ACCEPT  5,  ANS 
IF ( ANS . EG . ' N ' )  GOTO  100 
C 

CALL  IDSENIK 'SX' »»  1*201 > 

CALL  IDSENIK '  1=OOOVOOO' ,  ,2) 

CALL  IDSENIK  'OX'  .  .1.201) 

C 

100  TYPE*.  'U  SURE  I  OK?  Y  OR  N' 

ACCEPT  5*  ANS 
I F ( ANS . EQ . 'N' ) GOTO  25 

IF(K.EO.l)  GOTO  350  '350  1NIT.  TAKING  HALL  DATA 

GOTO  199 

C 

25  TYPE*.  'TRY  AGAIN?  OR  GIUE  UP7  A  OR  G' 

ACCEPT  5.  ANS 
IF< ANS.EO. 'A' )  GOTO  15 
GOTO  430 
C 

199  TYPE*,  '  TAKING  RESIST  DATA - ' 

200  TYPE  205 . SO ( I ) 

205  FORMAT <  2X , ' SU  =  '.Alt/) 

CALL  IDSENIK 'SPOOX' , ,1,201) 

PAUSE  'LI' 

CALL  IDRECV(MSGI . 16, 1 ,202) 

CALL  IDSENIK'  ',,1,217) 

DECODE < 15,30, MSG  1 ,ERR=31 ) R 1 1 < I > 

GO  TO  105 

31  DECODE  (  16,22,  MGGI  >f?1 1  (  I  ) 

105  CALI.  I  DM-  CV<  MSGU,  15,9  ) 

DECODE  l  10. 3S.MSr,U>Vl<  I  > 

CALL  IDSENIK 'SX' , ,1,201 ) 

c 

call  idsenik 'piox' ,, i ,201 ) 

FAUSE  ' -  I ' 

CALL  I PRHCLK MSG  1,16,1 ,202) 

CALL  IDSENIK  '  '  ,  ,  1 ,217) 

DECODE  (  15, 30 ,  MSG  I  ,FRR-.32)RI2(  I) 

CO  TO  110 

32  Df  CODE  (  1  6 . 77  .MSI, l  )  R  1 2  <  1  ) 

110  CAL!  1  RiYf.C'-KMGGV,  15,9) 

DLLUIU  Mu,  15  i  MSI,1.1 )  02  (  I  ) 

CAt.i  I  DM  NIK  5  X  '  .  ,  1 ,701  ) 

LAI. I  1  DRCLU  (  M5G0, 15,9) 

ii  c  .i .i  n .  i  )  ou  ro  750 

1  f  (  I  .1,11 . 4  )  GUI  0  39 

c 

PAlJSt  '  LHANfjl.  50,  ZERO  l"7M ' 

39  I  -•  I  H 

GO  1 D ( 700 , 40 , 700. 700 , 750 ) , I 
CALL  I D5ENTK  ' SI  OUX ',,1,201) 

PAUSE  1  LI!!  UP  FUP  ’Ft*  UR  •£*' 

CALL  I  DRY  CO i  MSG  1  .  16, 1 , 707) 


I 


i  * 


N 

i  • 


1 

i  M 


9 


40 


CALL  I BSEND ! '  ',,1,217) 

DECODE ( 15,30, MSGI ,ERR~33)RI 
GO  TO  115 

33  DECODE ( 16,22, HSU  I )  RI 

115  TYPE  26. Kl 

CALL  I DRECU  <  MSGU , 15,9) 

DECODE!  10,35,  MSGVWV 
TYRE  .16,  UU 

CALL  1  BSEND (  '  GX  '  ,  ,1,201) 

CALL  I  DRE'CU  !  MSGL1 »  15,9) 

TYRE*. 'IS  I  OK  HERU?  Y  OR  N' 

ACCEPT  5,  ANS 
IF ( ANS .LQ . ' N' )  GO  TO  45 
IF(N.EO.l)  GO  TO  350 
IF ! I  *  EO . 2  >  GO  TO  200 
45  TYPE*, 'URUNG  I  TRY  AGAIN' 

I F  <  K  .  E  Q  •  1  >  GO  TO  15 
GO  TO  10 
C 

250  TYPE*,' - INTERMEDIATE  DATA - ' 

TYPE  50 

50  FORMAT! / ,2X, 'SU' , IX, AX, ' 1+ ' ,7X» 'UOLT  AT  I  +  ' 

1 ,9X, ' I-' ,7X, 'VOLT  AT  I-') 

DO  60  N=  1  >  4 

TYPE  55,3U!N)  ,N,RI1  !N)  ,U1<N)  ,RI2(N)  »U2!N) 

55  FORMAT! 3X, A 1 ,'=',I1,2X,E10.3,3X,F10.7,5X,E10.3 

1 , 3X,F10. 7) 

60  CONTINUE 

TYPE*,' - CORRECTING - ' 

300  TYPE*, 'DATA  REPEAT?  Y  OR  N' 

ACCEPT  5,  ANS 

IF < ANS  .FO.  ' N'  >  GO  TO  70 

TYPE* , ' FNTER  SU  *  OF  MEAS.' 

ACCEPT  65,1 
65  FORMAT!  ID 

PAUSE  'CHANGE  SU,  ZERO  DOM' 

J=1 

GO  TO  200 
70  1  =  1 

J-0 
K-l 

TYPE*,' - CHECKING  HALL  I - ' 

CALL  IDRFCO (MSGU,  15,9) 

PAUSE  'SU  iu  *C,  ZERO  DVM' 

GO  TO  40 
350  L= 1 

M  =  0  iM  IS  SF.T  AFTER  ONCE  THROUGH  PROG 

400  TYPE*, 'TAKING  HALL  DATA' 

405  TYPE  407 ,S!L) ,U!L) 

407  FORMAT!/, 2X» 'SU  =  ',Al»'  AND  ',A1,'  I'/) 

CALL  IDSEND! 'SX' . .1,201) 

CALL  JRKELLUMSGU, 15,9) 

PAUSE  'SU  0  E  OR  F,  NOR-O-B,  ZERO  DVM ’ 

CALL  IDSEND!  '  F'OOX  '  ,  ,1,201  ) 

410  PAUSE  'I  READY? ' 

CALL  l RRECLMMSGI , 16,1,202) 

CALL  IDSEND!'  ',,1,217) 

DECODE  05, 30.  MSG  I  ,i;RR  =  411  >HI  !L) 

GO  TO  412 

411  DECODE! 16. 22. MSGI >HI<L) 

412  CALL  I BKFCU ! MSGU ,15,9) 

DECODE! 10,35, MSGV)VNO(L) 

PAUSE  'APPLY  NOR  B' 

CALL  IBRCCV ( MSGV ,15,9) 

DECODE! 10.35, MSGV ) VNB  <  L ) 

PAUSE  ' Z F R 0  b ,  SU  TO  0  REU ' 


2  1  5 


i'l  '"I1  W  ,ll,n|  ■ 


CALL  IDRECVIMSGV, 15*9) 

DECODE ( 1 0 » 35  * MSGV  > VRO<  L) 

CAUSE  'APPLY  REV  B' 

CALL  IDLE CVCMSOV,  15.9) 

DECODE  (10.  .  MSUV  ) VRB ( L  > 

CALL  XBSEMCK  '5X'  *  .1.201) 

TYPE#*  '  ZERO  B •  SU  TO  0  NOR ' 

IFCM.EG.l)  00  TO  417 
L=L  + 1 

GO  T0<400, 415. 405*415*417) *L 
415  TYPE  407.SU.) .U(L) 

CALL  IDSENDC 'P10X' ». 1*201) 

GO  TO  410 
C 

417  TYPE*. '  —  INTERMEDIATE  DATA - ' 

TYPE  80 

80  FORMAT  < / , 2X  * ' SU ' *  IX . ' 1 ' , 7X . ' I ' . ; OX . 'UNO' .9X* ' VNB' 

1  *9X*  ' DVN ' , VX. 'VRO' . 9X , 'VRB' .9X* 'DVR' ) 

DO  90  N= 1 . 3 . 2 

DVN=VNO<N)-VND<N> 

DVR= VRO ( N ) -VRB(N) 

TYPE  05.  S(N) .U(N) ,N.HI(N) *VNO(N) » VNB(N) * 

1  DVN.  VRO(  N)  .VRB<N)  .DVR- 

85  FORMAT  <  2X.A1 . A1 . '  =  ' *  1 1 »2X.E10.3*A<2X»F10.7> ) 

90  CONTINUE 

DO  95  N  =  2  » 4 . 2 

DVN=VNO<  N ) -VNB ( N> 

D VR  =  VRO  <  N ) -VRB ( N ) 

T  r-PF  05,  S<N  )  *U<  N>  ,N,HI  <N>  ,  VNO(N)  ,  VNB(N)  * 

1  DVN • VRO  <  N  > » VRD  <  N  > .DVR 
95  CONTINUE 

420  TYPE*,  ' - CORRECTING - ' 

C 

TYPE*,  'REPEAT  DATA?  Y  OR  N ' 

ACCEPT  5,  ANS 
I F  <  ANS . EQ . 'N' >  GOTO  440 

I  TYPE*,  'ENTER  SU  ♦  OF  MEAS' 

ACCEPT  65,  L 

t  PAUSE  'CHANGE  VDP  SU,  NOR-O-D,  ZERO  DVM' 

M-l 

;  G0T0<405, 415, 405*413) ,L 

430  T--1.0  1  INDICATES  NO  MEAS 

■:  CALL  IDSENDC  'SX'  *  ,1*201) 

f  440  RETURN 

{  END 


TYPE  SURFAC. 

C 

SUBROUTINE  SURFAC 
C 

INTEGER  ECHT IH ( 25) 

REAl.  EFF(25)  »MUH<?5>  ,NS<25) 

PI  MENS  ION  r<EFTH<r?5)  ,  URN  (4  )  .  DRFK4  >  .HIM)  .RHOS<25)  ,RH3<25> 
lr R 11(4) »  R 1 2  (  4  > .THICK (25) ,V1(4>,U2(4) » VNO( 4 ) ,VNB( 4) , 

1  V  R  0  (  4  > » URB  (  4 ) 

COMMON  /BLM/  HI  . Ri  1  . RI2  .  T  .U1  ,  V2 . UNO .  VNB  .  VRO  .  VRB 
COMMON  /BLN2/B. DEPTH, BOSE .ECHT IM. EFF.MUH . NS. RHOS. 
1RHS.STHICK. THICK. I. NTIME 
C 

IiO  45  J=  1.4 

Rl < J)=ABS(V1 ( J)/RI1( J) ) 

RIM  J)-ABS(  V2(.J)/RI2(  J)  ) 

BVN-VNO(  J)-VNB(  J) 

IiVR  =  VF:0(  J  )  -VRB  (  J  ) 

IiKN  ( .J)=ABS(  DVN/HK  J)  ) 
tiRR  <  J  )  =ABS  <  OUR /HI  ( J)  ) 

45  CONTINUE 

R  T  0  =  A  0  3  C  R 1 ( 1 ) /RJ (2) > 

IF  (RTO.t.T  .  1 .0)  RI0  =  1  .O/RTQ 
IF  <  RTO . LT  .1.4)  GOTO  60 
I F  <  R 1 0 . GT .5.0)  GOTO  50 
F=.99-< ( RTO- 1 .4)*. 05) 

GOTO  AS 

50  TYPE  55.  RTO 

55  FORMAT ( IX. 'RESIS  RATIO  =  ',F9.2> 

TYRE*.  'FACTOR  *F*?' 

ACCEPT*,  F 
GOTO  65 
60  F= 1 . 0 

65  RAVG 1 = ( R 1 ( 1 )+Rl (2)FR1(3)+R1 (4) )/4»0 

RAVG2=  ( R2  ( 1 ) +R2( 2) FR2( 3 ) +R2 < 4 ) ) /A . 0 
RAVG=< PAVGl+RAV&2)/2.0 
BRl- <  UKN<  1  )T  DRI-.C  1  )  +DRN(3)  +BRR(3)  )/4.0 
DR2- ( DRN ( 2 ) +PRR (2)1 BRN ( 4 ) +  DRR ( 4 ) > /4 . 0 
PRAVG=<PfmPR7>/2.0 
R  H  U  S  <  I  >=4.5324*iVAVG*F 
RHS<  I  ):-l  .  ()E8*DRAUG/B 
MIRK  I  )-KHS<  I  ) /RFIDS  <  I) 

NS  (  I  )  ~-6 .  24  t  5E 1  8/RHS  ( I ) 

EFF ( I ) = ( NS ( I ) /BORE ) *100 .0 
70  TYPE*. 'SURFACE  RESULTS' 

TYPE  75,1-1 .ECHTIM(I) 

75  FORMAT  (,'»2X.  'ETCH  *  =  '.12,'  TIME  =  ',14,'  SEC'/) 

TYPE  80 

80  FORMAT (6X, ' IF' .  7X  » 'VOLT  AT  I + ' , ?X , ' I- ' . 6X , ' VOLT  AT  I-') 

BO  90  J= 1 , 4 

TYPE  85 . R 1 1 ( J  > , VI ( J ) » R 1 2 ( J ) , V2 ( J ) 

85  FORMAT ( 2X  » E 10 . 3 » 2X »  F 1 0 . / » 5X , E 10 . 3  » 2X , F 1 0 . 7 ) 

90  CONTINUE 

I  YPE  95. RAVG 1. PR  1 

95  FORMAT (/.IX, 'AVG  R  AT  IF  =  '.E12.5.'  OHMS ' » T45 . ' AVE  DELTA 

1R  AT  IE  --  '  E  1  2 . 5  »  '  0HH3  '  ) 

TYPE  96.  RAVG2.PK2 

96  FORMA.  (IX, 'AVG  R  A  I  I  -  ~  ',.:12.5.'  OHMS  '  ,  I  45 ,  '  AVE  BELTA 

1R  AT  1  •  =  '  ,t 12 .5  ,  '  OHMS' ) 

TYPE  97.  RAUG. UR AUG 

97  rORMAKIXr  'AVG  R  -  '.6X.E12.5,'  OHMS  '  ,  T  45  .  '  AVG  BELTA  R 
1=  ' .6X.E12.5, '  OHMS'/) 

TYPE  100 

FORMA  MBX.  '  I  '  ,7X,  '  VOLTPP- 0  ,  NOR  '  »  2X,  '  VUL  T  l»b  =  B  ,  NOR '  ,2X.  'DELTA 
t  U , NOR ' -3X,  '  VOL  TRB  =  0 . REV ' . 2X , ' VOLT  Bp-B , REV ' »2X, 'DELTA  V, 


100 


2REV'/> 

DO  110  J=l>3>2 

DVN=VNO( J)-VNB( J) 

DVR=VRO< J)-VRB< J) 

TYRE  10SrHI< J>  f0N0< J) fVNB<  J>  »DVNfVRO< J) rURB< J) »DVR 
FORMAT<2X.E12.5f2X,6<F10.<4.'1X>> 

CONTINUE 
DO  115  J=2  »  4  »  2 

DUN=UNO< J)-UNB< J) 

DVR=VRO< J)-VRB( J) 

TYPE  105»HI< J) t VNO( J) »VNB<  J) .DVN.VROC J) >URB< J) .DVR 
CONTINUE 
TYPE  125.RT0.F 

FORMAT  </»lX» 'RES  RATIO  »  ' »F9  «  2 » 12X . ' COR  FACTOR  =  '.F7.2/J 
TYPE  130 

FORMAT (2Xt 'ETCH  * ' , SX . ' T IME ( SEC  )  ' . 1  OX , 'RHCS' 

1 » 16X. ' RHS ' .  1AX. 'MUH' » 15X  .  ' NS '  » 1 3X » ' ACT .  EFF(X) '/> 

TYPE  135.1-1 » ECHT IM  < I ) »RHOS( I )  »RMS< I ) . MUH ( I >  » NS  < I ) *EFF ( I ) 
FORMAT ( AX  *  1 2 r 9X 1 1 4 . 9X .£12 . 5 . 7X . E12 . 5 » 9X . F8 . 2 . 8X t E12 . 5 
1 .7X.F6.2/J 
RETURN 


TYPE  PROFIL. 


C 

C 


C 

139 


140 


150 


155 


160 

180 

190 


SUBROUTINE  PROFIL 
INTEGER  ECHTIM'25) 

REAL  EFF ( 25 ) « MUH( 25) »MUI (25) »  NI ( 25 ) »NS  <  25) 

DIMENSION  DEL.  NS  (  25  )  .  DEPTH  <  25  )  ,RH0S(25)  , RHS( 25)  .THICK  (25) 

1 ,X(25) »FFMU  <  25) 

COMMON  /  RLN2/  & ,  DEPTH  .  DOSE  ,  ECHT  I M  ,  L'FF  .  HUH ,  NS  ,  RHOS  ,  RHS  * 
1STHICK. THICK. It N TIME 

DO  140  M=lr(I-l) 

DELX  = < RHS  <  M ) /RHOS ( M ) *42 ) - < RHS <  M+  1  ) /RHOS ( M  +  l ) **2  > 

DELY=(  1  .  O/RHQS  ( M )  )  -<  1 .0/RH0S(M+l ) ) 

IF  <  RHOS  <  M ) .EG. RHOS ( M+l ) >DELY  =  1 .E-20 
MU  I <M)=DELX/DELY 

N I  <  M  )  =DEl.  Y  /  <  1 . 6022E-  1 9*MU  I  (M)*THICK(M+1  )*1 .0E-8) 
DELNS(r1)=NS<M)-NS<M  +  l) 

X<  M  )  =  DF.F'TH(M+1  )-(  THICK  (M+l  )*.5) 

EF'MU( M  )  =6 . 2415E18*  <  (  1 . 0/RHOS  ( M )  )-<  1 .0/RH0S<  M+l  >  )  )/ 

1  DELNS(M) 

CONTINUE 

TYPE*,  '**********  PROFILE  RESULTS  (INTER)  **********' 

TYPE  150,SrHICK.NTIME 

FORMAT  < / , 2X ,  ' TOTAL  DEPTH  =  ',F7.1»'  ANGSTROMS 12X > 
l'TOTAL  ETCHED  TIME  =  ',I6,2X»'  SEC ' / ) 

TYPE  155 

FORMAT!  IX,  ETCH  *  ',3X,'ETCH  T  IMF  '  ,  IX  '  AUG  SHEET  NS',3X, 

1  ' ACT  EFF' ,5X. 'DELTA  NS'  ,6X» 'MOBILITY' ,4X, 'VOL  CONCENTR ' 

1 ,  3X , 'AT  DEPTH' ,5X, 'EFK  MOBILITY') 

FLAG=0 ♦ 0 
DO  190  M=1 ,  I 

TYPE  160,  M-l  .ECHTIM(M)  ,NS(M>  ,F.FF(M) 

IF(M.EO.l)  TYPE*,  '  ' 

IFtM.EO. 1 >  GOTO  190 

TYPE  180,  DELNS ( M- 1 ) , MU I <M-1),NI(M-1>,X(M-1>, EFMU ( M-l ) 
FORMAT <3X , 12 , 7X , 1 4 , 6X , E 1 2 . 5 , 4X , FA . 2 , • > 

FORMAT ( 3X  »2(E12,5»3X,F10,2,3X) ,F10.2) 

CONTINUE 
TYPE*,  '  ' 

RETURN 

END 
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Majority-carrier  defects,  induced  by  1-MeV-elcetron  irradiation  in  n-type  epitaxial  GaAs  were 
studied  by  deep-level-trap  spectroscopy.  The  samples  were  fabricated  in  the  form  of  FET-fike 
devices  on  the  epitaxial  active  and  buffer  layers.  Anomalies  in  the  DLTS  response  such  as  the 
appearance  of  double  peaks,  a  rapid  growth  of  transient  response,  and  lack  of  exponential 
behavior  as  the  depiction  width  extends  into  the  buffer  are  discussed  in  terms  of  the  planar 
geometry,  the  series  resistance,  and  the  multilayer  nature  of  the  devices 

PACS  numbers:  61  80.  -  x,  61  70.  -  r.  7.V60.I  w.  85  Mi  Tv 


Numerouseleotronic  devices  ate  being  fabricated  by  sa 
por-phase  epitaxy  (VI’E)  of  GaAs  on  a  semi  insulatuig  sub 
strate  with  a  VPF  buffer  between  the  active  layer  and  the 
substrate  Some  defects  in  n-type  V'I’F.  material,  similar  to 
device-grade  layeis,  have  been  studied  in  this  laboratory  Of 
particular  interest  were  the  samples  having  a  Schottky-gutc 
FF.T-like  structure.  The  planar  geometry  of  this  structure 
and  the  multilayer  nature  of  the  active  layer,  buffer,  and 
substrate  contributed  In  the  unusual  behavior  which  must  be 
considered  for  complete  analysis. 

Deep-level-trap  spectroscopy  (DLTS)  was  used  to 
characterize  the  defects.  No  native  deep-level  majority-car¬ 
rier  traps  were  observed  in  the  material  after  device  process¬ 
ing.  Deep  levels  were  induced  in  the  samples  by  1-MeV-elec- 
iron  irradiation. 

DLTS  has  been  applied  to  GaAs  by  several  investiga¬ 
tors.’  4  Numerous  defects  have  been  observed  that  arc  either 
native  or  induced  by  irradiation  Lang  and  Kimcrling,' 4  ’  as 
we'l  as  Lang  and  Logan,4  reported  the  results  of  electron 
irradiation  as  well  as  some  other  forms  of  irradiation  Wang 
and  Evwaryc'  reported  an  application  of  DLTS  to  IGFET 
stiuclures  in  Si  Lang  and  Logan'  applied  DLTS  to 
GaAs/AI .  Ga,  ,  As  heterojunctions,  and  Huong'  report  .-d 
the  presence  of  interface  states  between  VFE  GaAs  and  ■  ’t- 
doped  substrate 

The  primary  samples  in  this  study  consisted  of  a  I  -  ft 
VPE  n-type  active  layer  doped  to  2  x  10  '“cm  atop  a  3-/< 
“buffer"  layer  doped  to  10  ”  cm  ’  grown  on  a  Cr-doped 
semi-insulating  substrate.  Processing  consisted  of  mesa  etch¬ 
ing  for  isolation  and  the  formation  of  a  1-mil-gate-length 
FET  test  pattern  with  A!  Schottky  and  AuGe  Ohmic  con¬ 
tacts.  Dies  were  mounted  on  TO?  headers  and  ultrasonics!!'- 
wire  bonded  (C-V,  N-W,  and  I-V curves  were  generated  to 
check  consistency,  and  FET  modulation  was  observed  )  The 
VPE  layers  were  grown  in  this  laboratory  by  the  AsCl ,  pro 
cess  The  multilayers  were  formed  in  situ  by  varying  the 
growth  parameters 

The  electron  irradiation  was  performed  with  a  1-McV 
Van  de  Graff  accelerator  at  a  flux  of  —0.1  fi  A/cm  \  The 
carricr-rcmtnal  rate  was  determined  to  be  linear  by  means  of 


an  automated  C- 1  profiler  After  electron  irradiation  to  a 
dose  of  5  •’  10  cm  the  carrier  concern  ration  for  ihe 
active  and  buffer  layers  were  I  ■  10  |l  and  5  ».  10  cm  ', 
respectively 

The  DLTS  measurements  were  earned  oul  at  1  MID 
using  a  Boonton  72HD  capacitance  meter,  a  Systron-Doiincr 
I I0H  pulse  generator,  anil  a  PAR  162  double  boxcar  The 
sample  temperature  was  varied  from  15  lo45(>*K  using  an 
Air  Products  llclitran.  The  chrome  versus  gold  0  7G  Fe 
thermocouple  was  mounted  directly  on  the  can  of  the  TO? 


'"'I 


\ 
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FICi  2  Plot  ol  DL  (Sic%p»>n*c*iC«x»  fon^t.ou  of  temperature  for  electron  ■ 
irradiated  VPE  GaAs  ri  three  reverwr  biato 

header.  Majorily-carner  traps  were  filled  to  saturation  by 
pulsing  to  zero  bias.  The  pulses  were  achieved  via  the  offset 
capabilities  of  the  pulse  generator  and  the  bias  network  of  the 
capacitance  meter.  Boxcar  gates  were  generally  0.5  ms  wide 
on  a  50-ms  time  base. 

At  small  bias  levels  (l'H  —  -  5  V  or  less)  where  the 
depletion  region  was  entirely  in  the  active  epitaxial  layer  (the 
top  1  /<in),  the  Dl.TS  results  were  normal.  The  electron- 
induced  defects  El ,  F.2,  and  E3  (using  the  nomenclature  of 
l.ang'),  in  addition  to  a  large  signal  from  a  deep  center,  were 
observed  The  temperature  dependence  of  these  Dl.TS 
peaks,  their  relative  magnitudes,  and  their  thermal  activa¬ 
tion  energies  were  nearly  identical  to  the  spectra  obtained  in 
this  laboratory  from  similar  epitaxial  layers  on  conducting 
substrates  and  arc  in  excellent  agreement  with  data  pub¬ 
lished  by  other  laboratories. The  uncorrected  activation 
energies  for  E2  and  K.l  were  0. 16  and  0  46  eV,  respectively. 
Figure  1  (a)  is  a  plot  of  the  electron  emission  rates  obtained  at 
F„  -  -  5  V  as  a  function  of  reciprocal  temperature,  which 
yields  the  thermal  activation  energy  for  E3.  The  Dl  TS  rate 
window  was  varied  over  an  order  of  magnitude  by  adjusting 
the  boxcar  delay  limes 

The  defect  production  rate  for  F.3  was  measured  for 
electron  doses  ranging  ovei  several  orders  of  magnitude  and 
found  to  be  lincat  with  dose.  For  a  moderately  high  electron 
dose  <t>  -■  5  x 10  ”  cm  1  and  a  small  reverse  bias,  the  total 
number  of  (raps  A’,  was  3.5  /  10  ”  cm  ',  yielding  a  pro¬ 
duction  rate  of  0  7  cm  V 


At  large  reverse  biases  ( Vn  >  6  V),  and  with  the  same 
electron  dose  (5x10"  cni  3).  the  DLTS  results  arc  quite 
anomalous  There  is  an  apparent  large  increase  in  V;  as 
exhibited  by  a  large  increase  in  the  DLTS  response  The  trap 
concentration  is  normally  proportional  todC  /C,  which  also 
increases  sharply  as  the  bias  is  increased.  The  peak  tempera¬ 
ture  7'also  shifts  with  slight  changes  of  !•'„  In  general,  the 
peak  temperatures  observed  using  a  reverse  bias  of  more 
than  6  V  are  10  to  1 5  °K  higher  than  the  peak  temperatures 
observed  for  l'H  ^  5  V. 

For  some  conditions  a  second  peak  occurs  which  is  only 
slightly  separated  from  the  original  peak.  Figuie  2  shows 
three  DLTS  response  curves  drawn  to  the  same  scale.  The 
same  DLTS  rate  window  was  used  for  three  different  re¬ 
verse-bias  conditions.  For  V„  ---  -  5  V  a  normal  single  peak 
is  observed  at  192‘K.  At  YH  ---  -  7  V  a  very  large  peak  is 
observed  at  205  ‘K,  with  a  lower  temperature  shoulder 
which  is  very  similar  to  the  peak  in  curve  (a).  At  F„  =  -  -  9 
V.only  a  peak  at  201  ‘K  is  observed.  These  curves  are  draw  n 
to  the  same  vertical  scale 

Attempts  were  made  to  determine  the  thermal  activa¬ 
tion  energies  for  the  peaks  at  a  large  reverse-bias  condition  of 
-  —  7.5  V,  and  the  results  are  shown  in  Fig.  1(b).  No 
further  separation  of  the  two  peaks  was  observed,  nor  can  a 
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clear  activation  energy  be  determined  from  Fig.  1(b).  Similar 
results  are  found  at  VB  =  —  6.5  and  —  9  V.  The  series  at 
V B  =  -  6.5  V  yielded  a  more  coherent  Arhenius  plot  than 
either  the  —7.5  and  —  9  V  curves;  but  the  deviations  were 
quite  large,  and  no  reasonable  activation  energy  could  be 
determined.  Hence,  the  fit  of  the  emission  data  to  an  expo¬ 
nential  model  becomes  progressively  worse  with  increasing 
reverse  bias. 

The  transient  decays  appear  to  be  nonexponential  The 
oscilloscope  traces  become  very  flat  after  a  delay  of  >  20  ms. 
Nonexponential  decay  could  account  for  the  scatter  in  the 
results  in  Fig.  1(b).  The  two  points  in  Fig.  1(b)  labeled  A 
were  taken  with  the  boxcar  gates  placed  as  far  away  from  the 
pulse  as  possible. 

The  series  resistance  of  the  FET-like  devices  shown  in 
Fig  3  was  measured  as  a  function  of  temperature  for  gate 
voltages  ranging  from  0  to  10  V  using  a  transistor  curve 
tracer.  At  200  'K  the  sourcc-to-drain  resistance  as  a  function 
of  gate  voltage  was  relatively  constant  at  about  10 4  (l  be¬ 
tween  0  and  —  5  V.  For  >  -  5  V,  pinch  off  was  rapidly 
achieved  with  a  resistance  >  10  ’/2  for  VB  =  -  9  V. 

The  quiescent  capacitance  was  also  measured  as  a  func¬ 
tion  of  reverse  bias  and  temperature.  The  depiction  width 
was  found  to  be  a  strong  function  of  temperature  as  shown  in 
Fig.  4.  This  strong  temperature  dependence  of  the  depletion 
width  is  caused  by  the  carrier  freeze  out  al  this  relatively 
high  electron  dose. 

The  low-bias  data  are  quite  consistent  in  all  respects, 
both  with  data  on  single-layer  systems  in  the  present  study 
and  with  results  reported  in  the  literature  C-K  measure¬ 
ments  (and  hence  concentration  profiles)  indicate  that  the 
large  apparent  increase  of  trap  concentration  dC  /C  is  coin¬ 
cident  with  en.ry  of  the  depletion  region  into  the  "buffer" 
material  At  200  'K  a  reverse  biasofS  V  produces  a  depletion 
width  of  slightly  less  than  1  gz  (nearly  equal  to  the  thickness 


of  the  active  epilayer),  whereas  a  reverse  bias  of  7.5  V  pro¬ 
duces  a  depletion  width  significantly  greater  than  1  ft,  i  e. , 
penetration  of  the  buffet.  The  increase  of  AC  is  shown  in  Fig 
2 

The  effect  of  the  abrupt  change  in  donor  density  can  be 
qualitatively  seen  in  the  following  manner.  In  a  single-layer 
system  the  change  in  capacitance  is  given  by 

AC  /C  -[It  (A',  /A'/,)) 1  n  —  I.  (I) 

where  Nn  and  A’7  are  the  donor  and  electron-trap  concen¬ 
tration,  respectively.  In  the  multilayer  system  the  relation¬ 
ship  is  more  complicated;  however,  it  can  be  shown  that  in 
two  limiting  cases  (low  and  high  bias)  the  change  in  the  ca¬ 
pacitance  is  given  by 

dC/C  —  [I  +  (.V,/.V‘„))I/J  -  I. 

w  here  ,V  'n  represents  the  donor  concentration  in  the  epilayer 
(small-bias  limit)  or  in  the  buffer  (large-bias  limit).  For  I- 
MeV-electron  irradiation  .V,  will  be  nearly  constant 
throughout  both  layers  and  C  will  change  by  only  a  factor  of 
2  or  3.  Clearly,  JCand  AC /Cwill  grow  rapidly  in  the  transi¬ 
tion  from  the  low-bias  limit  to  the  high-bias  limit.  Because  C 
is  a  strong  function  of  temperature  in  the  present  case,  mean¬ 
ingful  quantitative  calculations  of  the  actual  trap  density 
cannot  be  made. 

The  shift  of  the  peak  temperature  7‘*  with  reverse  bias 
may  be  due  to  the  series  resistance  and  pinch  off  of  the  FF.l 
The  effect  of  series  resistance  on  the  quiescent-capacitancc 
measurement  has  been  discussed  by  Wiley  and  Miller For 
E3  at  about  200  ‘K,  using  the  measured  v  alues  of  series  rcsis 
tance  and  capacitance,  the  measured  value  of  capacitance  at 
Vg  =  -  7.5  V  is  nearly  unaffected  AT  VH  ~  -  9  V,  the 
series  resistance  causes  significant  suppression  of  the  capaci¬ 
tance  and  may  also  cause  some  shift  of  the  DLTS  peak 
temperature. 


Ov.v-. 

ASfcR  SIKuCruH! 

.  V:'MC/4  -VlTlzf  i  AYfc  w 
5  V:'.KOf,  "foi  i  f  h 
:  <  |  I  f  f  IK  fi  l HU,'.:;-  /.I  .rfl 

<P  ■  *}  »  lC‘  '  CfTi  ’ 


.«V  if,  it'  . 

1  ■  v..  I  I  (  • 


I  Ki  4  Pluf  of  dcplrlii'ii  iJr|’i  h  as  a  finis 
lion  tif  trmpcMiuic  f»»f  Uirrc  rt  wrxr  In.ivx 
ax  i  dlv  ulHlriJfrmn  (  I  inc-i  •urrniriii-. 


-I  f'\ 


N-  P.  Adjust  1 4  7  9 


2Z6 


Commu.'itciliOnft 


b’>?* 


V  -iTOW  Ijppp II  fll||""i?nij|Ti r*r  ^  '■  uTOTii  n||  |.3|||flr7*f  ,^-Tfi . 


The  double  peaks  may  arise  from  a  fortuitous  combina¬ 
tion  of  the  suppression  of  the  measured  capacitance  due  to 
series  resistance  and  the  enhancement  of  dC  due  to  the 
abrupt  decrease  of  Nlt  across  the  interface.  The  analytical 
verification  of  such  behavior  would  be  very  difficult;  howev¬ 
er,  qualitatively,  calculations  show  such  an  explanation  to  be 
unlikely.  The  experimental  verification  would  be  more  fruit¬ 
ful  on  a  wafer  grown  on  a  conducting  substrate  which  w  ould 
eliminate  the  problem  of  series  resistance. 

The  double  peaks  may  also  be  due  to  the  same  defect 
with  slightly  different  activation  energies  and/or  emission 
rates  in  the  two  types  of  material  (active  and  buffer  layers). 
The  two  peaks  could  not  be  separated  further  than  they  are 
in  Fig  2,  nor  could  they  be  studied  separately.  The  multi¬ 
layer  system  made  possible  the  study  of  the  buffer  under 
conditions  where  ,V,  >  ,V0  (a  condition  not  amenable  to  in¬ 
vestigation  in  single-layer  systems).  One  effect  of  the  high 
density  with  respect  to  is  that  the  Fermi  level  is  pinned 
near  E3.  It  is  possible  that  the  high  trap  density  in  the  buffer 
could  result  in  anomalous  Dl.TS  responses  for  as-yel-un- 
known  reasons 

The  appearance  of  a  double  peak  w  here  only  one  is  usu¬ 
ally  observed  may  be  due  to  interface  states  or  the  presence  of 
a  new  defect  in  the  buffer  Although  some  data  indicated 
these  possibilities,  data  obtained  from  similar  irradiated  sin¬ 
gle-layer  doped  epilayer  material  on  a  conducting  substrate 
and  also  from  an  irradiated  buffer  layer  on  a  semi-insutaling 
substrate  did  not  indicate  the  presence  of  a  new  defect  or 
interface  states. 

The  multilayer  architecture  of  the  FET-like  devices  dis¬ 
cussed  here  yields  surprising  and  anomalous  results.  The 
planar  geometry  and  associated  series  resistance  complicate 
the  analysis  of  the  data.  The  large  apparent  increase  of  trap 


density  near  the  interface,  the  shift  of  peak  temperature  with 
reverse  bias,  and  the  appearance  of  double  peaks  under  cer¬ 
tain  conditions  can,  to  a  large  extent,  be  rationalized  in  terms 
of  the  multilayer  planar  geometry.  The  possibility  still  exists 
that  the  electron-damage  defects  are  intrinsically  different  in 
the  active  and  buffer  layers  or  that  the  properties  of  the  de¬ 
fects  as  measured  by  DLTS  only  appear  to  be  different. 

Further  study  is  required  to  analyze  this  behavior.  Until 
such  a  study  has  been  performed,  caution  must  be  exercised 
in  the  analysis  of  DLTS  data  from  multilayer  devices. 

Work  was  performed  at  the  Air  Force  Avionics  Labora¬ 
tory,  AFAL/DHR,  Wrighl-Patteson  Air  Force  Base,  Ohio, 
under  AF  Contracts  F33615-76  C-1166  and  F33615-76-C- 
1207.  The  authors  wish  to  thank  Gary  McCoy. 
AFAL/DHR,  for  growing  the  epitaxial  layers.  The  authors 
also  thank  Jim  Skalski  and  his  staff  of  AFAL/DHE  for  fa¬ 
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